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Lorentz force velocimetry (LFV) is a contactless velocity measurement technique
for liquid metals. Due to the relative motion between an electrically conductive fluid
and a static applied magnetic field, eddy currents and a flow-braking Lorentz force are
generated inside the metal melt. This force is proportional to the electrical conductiv-
ity of the fluid and to the flow rate or local velocity, depending on the portion of the
flow volume spanned by the magnetic field. Due to Newton’s third law, a force of the
same magnitude but in the opposite direction acts on the source of the applied mag-
netic field, which are permanent magnets in our case. According to Ohm’s law, moving
conductors at low magnetic Reynolds numbers induce an electric potential that ensures
charge conservation. This thesis begins with a study of the contribution of the induced
electric potential in the total Lorentz force. This problem is numerically and experi-
mentally analyzed by considering two different scenarios: conducting walls of finite
thickness and the aspect ratio variation of the flow cross-section. In both cases, the
force component generated by the electric potential always opposed the total Lorentz
force. This force component was sensitive to the electric boundary conditions of the
flow, of which insulating and perfectly conducting walls are the two limiting cases. It is
shown that the measurable Lorentz force can be considerably increased when the force
component originating from the electric potential is decreased, by either changing the
electrical conductivity of the wall or by modifying the aspect ratio of the cross-section
of the flow. Hence, the sensitivity of the measurement technique can also be signifi-
cantly improved.
Following this analysis, this thesis focuses on multicomponent local Lorentz force
velocimetry. This technique is based on the measurement of all force and torque com-
ponents acting on magnet systems that are significantly smaller than the cross-section
of the flow. In this scenario, the rapid decay of magnetic fields induces a localized
magnetic field distribution in the liquid metal allowing a local velocity assessment.
Multicomponent local Lorentz force velocimetry was studied using a steady three-
dimensional turbulent flow inside the mold of a continuous casting model, where the
working fluid was GaInSn in eutectic composition. The magnet systems composed
of cubic and cross-shaped permanent magnets were attached to a sensor that was spe-
iii
cially developed to simultaneously record all three force and three torque components.
With this sensor, it was possible to obtain information on the three-dimensional ve-
locity distribution of the liquid metal inside the mold in the region adjacent to its wall
next to the magnet. Additionally, by using a cross-shaped magnet, the torque in the di-
rection of magnetization of the magnet could be measured. According to a numerical




Lorenztkraft-Anemometrie (LKA oder LFV) ist ein beru¨hrloses elektromagnetis-
ches Stro¨mungsmessverfahren fu¨r Flu¨ssigmetalle. Durch eine Relativbewegung zwis-
chen einem elektrischen leitfa¨higen Fluid und einem statisch angelegten Magnetfeld
werdenWirbelstro¨me und eine stro¨mungsbremsende Lorentzkraft erzeugt. Diese Kraft
ist proportional zu der elektrischen Leitfa¨higkeit des Fluides und zu der Durchflussrate
oder zu der lokalen Geschwindigkeit, welche abha¨ngig von dem Anteil des durch das
Magnetfeld aufgespannten Volumens ist. Gema¨ß dem dritten newtonschen Gesetz
wirkt eine gleich starke, jedoch entgegengesetzt gerichtete Kraft auf die Quelle des
angelegten Magnetfeldes, die in unserem Fall Permanentmagnete sind. Entsprechend
dem Ohm’schen Gesetz induzieren bewegende elektrisch leitfa¨hige Fluide bei niedri-
gen magnetischen Reynolds-Zahlen ein elektrisches Potential, das die Ladungserhal-
tung gewa¨hrleistet. Diese Arbeit beginnt mit der Untersuchung des Beitrags des in-
duzierten elektrischen Potentials in der gesamten Lorentzkraft. Dieses Problem wird
numerisch und experimentell analysiert, indem zwei verschiedene Szenarien betrachtet
werden: elektrisch leitfa¨hige Wa¨nde mit endlicher Dicke und Aspektverha¨ltnisvaria-
tion des Stro¨mungsquerschnitts. In beiden Fa¨llen stand die durch das elektrische Po-
tential erzeugte Kraftkomponente immer entgegen der gesamten Lorentzkraft. Diese
Kraftkomponente war empfindlich gegenu¨ber den elektrischen Randbedingungen der
Stro¨mung, von denen isolierte und perfekt leitende Wa¨nde die Grenzfa¨lle sind. Es
wird gezeigt, dass die messbare Lorentzkraft betra¨chtlich erho¨ht werden kann, wenn
die aus dem elektrischen Potential stammende Kraftkomponente verringert wird, in-
dem entweder die elektrische Leitfa¨higkeit der Wand oder das Querschnittsverha¨ltnis
der Stro¨mung vera¨ndert wird. Daher kann die Empfindlichkeit der Messtechnik erhe-
blich verbessert werden.
Im Anschluss an dieser Analyse konzentriert sich die vorliegende Arbeit auf die
lokale Multikomponenten-Lorentzkraft-Anenometrie. Diese Technik basiert auf der
Messung aller auf den Magnetsystemen wirkenden Kraft- und Drehmomentkompo-
nenten. In diesem Fall sind die Magnetsysteme deutlich kleiner als der Stro¨mungs-
querschnitt. Die kleinen Magnetsysteme induzieren eine lokalisierte Magnetfeld-
v
verteilung im flu¨ssigen Metall, die eine lokale aufgelo¨ste Geschwindigkeitsmes-
sung von flu¨ssigem Metall ermo¨glichen. Die lokale Multikomponenten-Lorentzkraft-
Anenometrie wurde mittels einer stetigen dreidimensionalen turbulenten Stro¨mung
innerhalb der Kokille eines Stranggussmodells untersucht, wobei das Arbeitsfluid
GaInSn in eutektischer Zusammensetzung war. Die aus kubischen und kreuzfo¨rmigen
Permanentmagneten bestehenden Magnetsysteme wurden an einem Sensor befestigt,
der speziell fu¨r die gleichzeitige Erfassung aller drei Kraft- und drei Drehmomentkom-
ponenten entwickelt wurde. Mit diesem Sensor war es mo¨glich, Informationen u¨ber
die dreidimensionale Geschwindigkeitsverteilung des flu¨ssigen Metalls innerhalb der
Kokille in der Na¨he der Magneten zu erhalten. Zusa¨tzlich ko¨nnte unter Verwendung
eines kreuzfo¨rmigen Magneten das Drehmoment in der Feldrichtung des Magneten
gemessen werden. Gema¨ß einem numerischen Modell der Experimente korreliert




LFV Lorentz force velocimetry
UDV Ultrasonic Doppler velocimetry
LFF Lorentz force flowmeter
L2F2 Local Lorentz force flowmeter
1D-L2F2 1D local Lorentz force flowmeter composed of a 1D interference
optical force sensor attached to a magnet system
6D-L2F2 Six-degrees-of-freedom local Lorentz force flowmeter composed
of a multicomponent force/torque sensor attached to a magnet
system
LITINCA Liquid tin calibration facility
SOMECA Solid metal calibration facility
ILMET Ilmenau liquid metal channel
mini-LIMMCAST Liquid metal model of continuous casting of steel
CUBlmag Magnet system compose of a cubic permanent magnet with char-
acteristic length lmag
CSMlmag Magnet system compose of a cross-shaped permanent magnet
with characteristic length lmag
CSMAlmag Magnet system compose of small permanent magnets glued in a
cross-shaped form with characteristic length lmag
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In metallurgy, the measurement of flow rates and local velocities in liquid metals
is given high priority in order to accurately control the process for optimizing final
product quality. However, the aggressiveness and high temperatures of liquid met-
als remain a large obstacle to the application of already-established and commercially
available contact measurement techniques like the use of a Pitot tube, Vives probe, or
hot-wire anemometer. Even contactless optical measurement techniques such as parti-
cle image velocimetry (PIV) fail due to the opacity of liquid metals (for an overview
of established measurement techniques see [62]). Following the work of Takeda [54],
ultrasound Doppler velocimetry (UDV) probes have been widely accepted and estab-
lished as a standard for measuring the local velocity of metal melts at low tempera-
tures, typically up to 80◦C. Liquid temperatures can be even higher, up to 200◦C when
using liquid sodium, by using high-temperature UDV probes and a special stainless
steel adapter that covers the front wall of the ultrasonic transducer [9]. Additionally,
this technique has been applied in liquid metals such as PbBi at elevated temperatures
up to 620◦C by using an acoustic wave guide [10]. However, a large gap remains in
applying in more extreme environments such as the continuous casting of steel (see
figure 1.1(a)). Assessing flow characteristics like vorticity or curl have presented a
formidable challenge since accurate velocity measurements over small distances is re-
quired. PIV and hot-wire probes have been used for this task in transparent liquids
such as water [62], but as previously explained, they cannot be used for hot, opaque
and aggressive liquid metals.
In order to overcome these challenges, the development of reliable contactless
measurement techniques is of considerable interest. One large subgroup of methods
is based on Faraday’s induction principle. Here, the relative motion between an elec-
trically conductive fluid and an externally applied magnetic field is used for velocity




Figure 1.1: (a) Photograph of a continuous casting plant [6]. (b) Sketch of Lorentz force velocimetry
showing the action of a permanent magnet (PM) on the flow of an electrically conducting fluid. The
magnetic field generating system consists of permanent magnets [59].
the contactless electromagnetic phase-shift flowmeter [40], and the single-magnet ro-
tary flowmeter [39], among others (for an overview see [44]). Lorentz force velocime-
try (LFV) also belongs to this group of contactless measurements techniques [58, 59].
Lorentz force velocimetry is based on magnetohydrodynamics: due to the relative mo-
tion between an electrically conductive fluid and a static applied magnetic field ~B0,
eddy currents and a flow-braking Lorentz force are generated inside the metal melt (see
figure 1.1(b)). According to Ohm’s law, moving conductors at low magnetic Reynolds
numbers induce an electric potential that ensures charge conservation (see section 2.2).
This force is proportional to the electrical conductivity of the fluid, to the square of the
applied magnetic field and to the flow rate or local velocity, depending on the portion
of the flow volume spanned by the magnetic field. By using small magnets, a localized
magnetic field distribution can be created that allows measurement of the local velocity
in the region adjacent to the wall. Because it is localized, this subcategory of LFV is
called local Lorentz force velocimetry (local LFV).
The two main goals of the present work are to develop a better understanding of
the influence of the induced electric potential seen in LFV and to study local LFV in
complex three-dimensional liquid metal flows by measuring all force and torque com-
ponents that act on a given magnet system. The structure of the thesis is as follows:
chapter 2 gives an overview of the present state of contactless flow rate and local ve-
locity measurements of electrically conducting liquids in the framework of LFV. Then,
chapter 3 describes the influence of the induced electric potential on the magnitude
of the measurable Lorentz force by covering two specific cases: conducting walls and
aspect ratio variation of the flow cross-section. This is an extension to previous work
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on LFV (section 2.3) and offers the possibility of further improvements to the sensi-
tivity of the measurement technique, especially for low-conductivity liquids such as
electrolytes. This study is experimentally and numerically investigated using a tur-
bulent pipe flow with different wall conductivities and a solid bar with rectangular
cross-section.
Following this analysis, this thesis extends previous experimental work of local
LFV (section 2.3.2), which have been based primarily on measuring individual compo-
nents of the Lorentz force acting on a cubic permanent magnet. The aim of the present
study is to experimentally and numerically investigate the concept of multicomponent
sensing of the three force and three torque components acting on a magnet system. In
this context, new magnet systems with different geometries (cross-shaped magnets) as
well as cubic magnets (the current state of the art) are investigated in two experiments.
Cross-shaped magnets have particular features that can generate a non-axisymmetric
magnetic field distribution in the liquid, allowingmeasurement of the torque that points
into the magnetization of the magnet. The first set-up consists of a one-dimensional
interference optical force sensor connected to a magnet system, which is placed next
to a rectangular duct in fully-developed turbulent flow. The results obtained with this
set-up are described in chapter 4. The second set-up consists of a multicomponent
force and torque sensor attached to different magnet systems that scans the wide face
of the mold of a continuous caster model. The multicomponent force and torque sensor
provides unprecedented simultaneous sensing of all three force and three torque com-
ponents acting on a given magnet system. The results of multicomponent local LFV
are presented in chapter 5. The working fluid in both set-ups is GaInSn in eutectic
composition, and the magnet systems are moved along pre-determined measurement
paths, in order to infer local information on the three-dimensional velocity distribution
of the liquid metal. Finally, chapter 6 summarizes the main results and gives by a brief






Lorentz force velocimetry (LFV) [59, 58] is part of the research area of magne-
tohydrodynamics and belongs to the subgroup of contactless velocity measurement
techniques for electrically conducting fluids. This chapter starts with the fundamental
equations of magnetohydrodynamics followed by the theoretical background of LFV.
Afterwards, a brief overview of the current state of the art of LFV is presented focusing
on flow rate and local velocity assessment.
2.1 Magnetohydrodynamic equations
Magnetohydrodynamics (MHD) studies the interaction between magnetic fields
and moving liquids. The liquids are non-ferromagnetic, electrically conducting, in-
compressible and treated as continuous. According to [50], the governing equations
in dimensionless form (∗ superscript) that describe the physics involve are: the Navier-
Stokes equation for incompressible flow with Lorentz force term ~f
∂~u∗
∂ t
+(~u∗ ·∇)~u∗ =−∇p∗+ ∇
2~u∗
Re
+N~f ∗ with ∇ ·~u∗ = 0 (2.1, 2.2)
and the transport equation of magnetic fields
∂~B∗
∂ t
= ∇× (~u∗×~B∗)+ ∇
2~B∗
Rm
with ∇ ·~B∗ = 0. (2.3, 2.4)
In (2.1) the velocity field ~u∗ is driven by the pressure gradient ∇p∗, where no-slip
boundary conditions are applied (~u∗ = 0 on any stationary solid surface). Here, Re
and N denote the Reynolds number and the interaction parameter or Stuart number,
5
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where lc, u and ν denote the characteristic length, velocity scale and the kinematic
viscosity of the liquid, respectively. In the case of N, it represents the ratio of Lorentz









where ρ and σl denote the density and the electrical conductivity of the liquid, respec-
tively. For simplicity, the properties of the fluid σl , ρ and ν are normally considered





Ha is the so-called Hartmann number and is typically used for scaling the magnitude
of the applied magnetic field in a given system.
In the case of (2.3), it is the combination of Ohm’s law (see section 2.2), Fara-
day’s equation and Ampe`re’s law [5]. It represents how the magnetic field inside a
moving conductor changes in time by advection (first term on the right) and diffusion
(second term on the right). Here, ~B represents the sum of the applied field ~B0 and
the flow induced field~b. The duct walls containing the electrically conducting liquid
are considered to be electrically insulating which translates to vanishing wall normal
current density jn = 0. Finally, Rm represents the magnetic Reynolds number which is
proportional to the ratio of |~b| to |~B0|. Rm is defined as
Rm = lcu/λ = µ0σl lcu, (2.8)
where λ = (µ0σl)
−1 is the magnetic diffusivity and µ0 denotes the permeability of
free space.
2.2 Theory of Lorentz force velocimetry
When an electrically conducing fluid flows through a static magnetic field ~B0 (fig-
ure 2.1(a)), the current density
~j = σl(~E+~u×~B) (2.9)
6
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is induced according to Ohm’s law for moving conductors (figure 2.1(b)). Here, ~E
represents the induced electric field. These eddy currents in the liquid generate a sec-
ondary magnetic field~b (figure 2.1(c)). For low Rm ≪ 1, which is the case for most
industrial applications,~b is negligible in comparison with ~B0 so ~B ≈ ~B0. In this case,
the electric field ~E is irrotational and can be written as −∇φ where φ is the induced
electric potential. Then, (2.9) takes the form
~j = σl(−∇φ +~u× ~B0) (2.10)
which is known as the low-Rm approximation of Ohm’s law for moving conductors [5].
Here, the induced electric potential φ ensures charge conservation ∇ ·~j= 0. Addition-
ally, the contribution of −∇φ is typically in the same order of magnitude and in the
(a) (b)
(c) (d)
Figure 2.1: Liquid metal flow exposed to a static magnetic field generated by a permanent magnet.
Flow induced eddy currents and a secondary magnetic field are generated inside the liquid giving rise
to Lorentz forces acting on the flow and to an accelerating force of the same magnitude on the magnet.
Courtesy of Institute for Thermodynamics and Fluid Mechanics, Technische Universita¨t Ilmenau.
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opposite direction to the~u× ~B0 term. By taking the divergence of (2.10) with ∇ ·~j= 0,
we get
∇2φ = ∇ · (~u× ~B0). (2.11)
The induced electric potential φ is obtained by solving (2.11) for insulating boundary
conditions and ~j is found by substituting φ in (2.10).
The interaction of ~j with ~B0 is responsible for the generation of the Lorentz force
density ~f in the liquid according to the relation
~f = ~j× ~B0 ∼ σluB20. (2.12)
Finally, by integrating ~f in the fluid domain, we obtain the total force ~F and torque ~T
according to [57] as
~F =
∫
~j× ~B0 dV, ~T =
∫
(~r−~r0)×~f dV, (2.13, 2.14)
respectively. Here, ~r is the position of every volume element of the fluid and ~r0 is
a given reference point which could be either the center of the magnet or the center
of the sensor’s coordinate system which is defined by calibration. The total force ~F is
proportional to the electrical conductivity, to B20 and to the flow rate or local velocity of
the fluid. Due to Newton’s third law, a force ~Fm and a torque ~Tm of the same magnitude
but in opposite direction act on the source of the applied magnetic field which in our
case are permanent magnets (figure 2.1(d)).
Then, by measuring ~Fm, the flow rate of liquid metal V˙ is given by
V˙ = Kv · |~Fm|, (2.15)
where Kv is the calibration factor which is obtained experimentally. Kv is independent
of the viscosity or density of the liquid, and depends only on the strength of the mag-
netic field, the electrical conductivity of the liquid metal and on the geometry of the
channel in which the metal melt flows [27]. However, in the general case, the electrical
conductivity depends on the temperature of the liquid metal, e.g. in molten aluminum
the variation of σl is about 4% in the range 1150K to 1250K [31]. Additionally, the
magnetic field of the permanent magnets depends also on the temperature [32]. For in-
stance, it was found in [27] that the magnetic induction of NdFeB magnets decreased
by 8.5% when the temperature of the magnets increased from 293K to 363K.
In LFV, the measuring device is called Lorentz force flowmeter (LFF) and is com-
posed of a single or a group of permanent magnets which are connected to a force
sensor. If the magnetic field lines penetrate the entire cross-section of the flow, the
8
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LFF is able to measure the flow rate of electrically conducting liquids. Owing to the
rapid decay of magnetic fields and by using magnets significantly smaller in compar-
ison with the cross-section of the flow, a localized magnetic field distribution in the
liquid metal is achieved. In this case, the Lorentz force is generated from a small
portion of the fluid whose volume is located in the region near the wall adjacent to
the magnet allowing a local velocity assessment. Due to its localized nature, this sub-
section of LFV is called local Lorentz force velocimetry (local LFV) and the system
composed of the small-sized magnet altogether with the force sensor is called Local
Lorentz Force Flowmeter (L2F2).
A quantitative approximation of the expected force and torque orthogonal to the
magnetization of the magnet can be obtained analytically by assuming a semi-infinite
conducting layer with velocity ux~ex. The magnetic field can be approximated by a
magnetic dipole with magnetic dipole moment m~ez at a distance κdip away from the




















To conclude, Lorentz force velocimetry is based on the assumption that the back
reaction of the induced forces acting on the flowing liquid is negligible, i.e. the flow is
not affected by the magnetic field. This is known as the kinematic regime of LFV [18],
where the interaction parameter N is much smaller than 1. This is the case for many
applications of LFV in metallurgy characterized by turbulent flows at high Reynolds
numbers. However, the assumption of N≪ 1 is not always totally fulfilled in the case
of local LFV. As the magnets are here much closer to the wall, they may generate a
strong localized magnetic field distribution in the liquid, and therefore, the probability
of having finite values of N increases considerably. This situation will be discussed
more in detail in section 5.6 and section 5.7, where a comparison between two magnet
systems is done based on experiments and simulations in the framework of local LFV
at a continuous caster model under low and finite values of N.
2.3 State of the art
LFV has been a subject of intensive academic research within the Research Train-
ing Group (RTG) ”Lorentz force velocimetry and Lorentz force eddy current testing” at
the Technische Universita¨t Ilmenau. This RTG is financially supported by the Deutsche
Forschungsgemeinschaft (DFG). This section gives an overview of the present state of
the art regarding contactless flow rate and local velocity measurements of electrically
9
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conducting liquids. It is classified in flow rate measurement using a LFF and local
velocity assessment using a L2F2.
2.3.1 Flow rate measurement
The concept of flow rate measurement of hot liquid metals using a LFF has been
successfully tested in industrial applications. For instance, a LFF was used to deter-
mine the flow rate of hot liquid aluminum at a secondary aluminum production facility
[27, 34]. Here, the liquid aluminum has an electrical conductivity of about 3.01MS/m
and is transported by runners (open-channel flow) at an operating temperature of about
1053K (780◦C). In this case it is desirable to measure the mean velocity of the liq-
uid metal for deducing the mass or volume-flux in order to monitor and control the
production process. The LFF used for this task consists of two permanent magnet ar-
rangements attached to an iron yoke, which closes the magnet circuit an increases the
strength of the applied magnetic field.
One of the biggest challenges in open-channel flows is that the flow level of the liq-
uid metal is fluctuating, and therefore, Kv cannot be considered constant as it depends
on the level of the melt in the channel. For a successful implementation of the LFF
(a) (b)
Figure 2.2: In the wet calibration facility LITINCA (a), liquid tin is melted in the first furnace (1) and
pumped into the runner by a metal pump (2). The liquid tin flows through the runner (3) and is collected
at the end by a second furnace (7) which sits on a weighting device (5). This device allows us to generate
the cumulative mass signal during experiments which is afterwards compared with the signal of the LFF
(4) that is located in the middle of the runner. Finally, the runner is tilted and the liquid metal pump (6)
drives the molten tin back to the first furnace. On the other hand, in the dry calibration facility SOMECA
(b), the liquid metal flow is modeled by solid bars (2) whose cross-section and electrical conductivity are
known. They are moved by a linear motor (1) at a controlled velocity through the magnetic field lines
produced by the LFF (3). Courtesy of Institute for Thermodynamics and Fluid Mechanics, Technische
Universita¨t Ilmenau.
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(a) (b)
Figure 2.3: LFF prototypes for open-channel (a) and pipe flows (b). The yoke with the permanent
magnets and the measuring device are enclosed in a housing with a cooling system [26].
in application, one needs to determine Kv by either performing numerical simulations
[66] or by using calibration facilities [33, 35]. Dry and wet calibration procedures have
been developed in order to determine Kv under laboratory conditions. Two of these
calibration facilities are SOMECA (SOlid MEtal CAlibration) and LITINCA (LIquid
TIN CAlibration) which are shown in figure 2.2. An example of wet calibration can be
found in [20].
In [70, 69], a LFF has been experimentally tested for pipe flows in continuous cast-
ing of steel (σl ≈ 0.25MS/m). This prototype was constructed for controlling the level
of the mold of a slab caster. In this case, the LFF had to perform dynamic force mea-
surements with a response time less than 100ms. However, the actual respond time
of the final LFF was about ≈ 220ms and suggestions for its improvement were given.
The magnet system in the LFF was a FEM-optimized Halbach cylinder composed by
16 trapezoidal segments. It should be pointed out that, in this case as well as in many
industrial applications, the LFF has to be enclosed in e.g. an air-cooled housing (figure
2.3) that maintains the temperature of the magnets under its Curie temperature. The
housing also protects the LFF from possible collisions with ferromagnetic materials in
the environment attracted by the strong magnetic field. To summarize, these experi-
ments and industrial tests (including the ones with liquid aluminum) have validated the
feasibility of LFF for measuring the flow rate of hot liquid metals whose conductivity
is in the order of magnitude of about 1MS/m.
In [67], LFV has been successfully applied for measuring the flow rate of weakly
conducting fluids like electrolytes, whose conductivity is the same order of magnitude
as molten glass (σl ≈ 1S/m) [1, 41]. The magnets are placed at each side of a rectangu-
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lar glass duct through which salty water flows. The small Lorentz forces acting on the
magnets were measured using a pendulum-like system. When the electrolyte starts to
flow, the induced Lorentz force moves slightly the magnets, which hang from tungsten
wires. This deflection is measured by a sensitive optical interferometer which, after
calibration [68], gives the magnitude of the Lorentz force in the order of ≈ 17µN for
a mean velocity of 5.7m/s and σl = 4S/m. The sensitivity of the force measurement
was then later improved using a direct force compensation scheme. In this case, the
weight of the magnets is compensated allowing gravity-free force measurements using
a state-of-the-art electromagnetic force compensation weighting balance (EMFC). This
EMFC has a complex inner mechanical construction with flexure and parallel spring
beams allowing flow rate measurements of even tap water (σl ≈ 0.06S/m) [63].
Another important application of LFV for flow rate measurements is Lorentz torque
velocimetry (LTV) [7]. Here, it was demonstrated the feasibility of both pumping and
flow rate measurement by using a torque sensor mounted on the shaft of an electro-
magnetic pump (see figure 2.4(a)). The electromagnetic pump consists of two rotating
steel disks having embedded permanent magnets with alternating poles. The torque
sensor measures the torque due to the induced Lorentz force in the liquid which is then
converted to a flow rate value. The first stage of calibration was done with aluminum
plates between the disk gaps and the second stage with GaInSn using a Vives probe.
To summarize, the LFF concept has been extensively tested with different elec-
trically conducting liquids, hot or at room temperature, covering a wide range of σl .
However, the LFF has the disadvantage that Kv has to be obtained a priori in order
to assess correctly the magnitude of the flow rate in application. The definition of
Kv increases in complexity for open-channels flows that exhibit strong flow-level and
(a) (b)
Figure 2.4: (a) Set-up for investigating LTV and time-of-flight LFV [8]. (b) Scheme of time-of-flight
LFV. Force signal perturbations are induced by passing vortices which are shown as peaks at the pre-
sented signals diagram. The velocity of liquid metal can be obtained as the relation of distance between
sensors per time between the perturbations. (D-distance between flowmeters, τ-time delay between
perturbations, 1-force sensors, 2-permanent magnets, 3-liquid metal, 4-a vortex, 5-Vives-probe) [8].
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temperature fluctuations of the liquid and/or permanent magnets. Hence, a new LFF
concept was proposed that uses two LFF separated at a given distance from each other.
The Lorentz force signals of each LFF are recorded in time, for which the auto- and
cross-correlation can be used to determine the flow rate of the liquid metal. The relia-
bility of this technique, the so called time-of-flight LFV, was numerically investigated
in [65] with synthetic and realistic 3-dimensional turbulent flows with and without the
effect of the magnetic field on the flow (kinematic and dynamic simulations). Time-of-
flight LFV was then successfully applied for the flow rate measurement of GaInSn in
eutectic composition having a cylindrical obstacle [24] and a Vives-probe [8] as vor-
tex generator. However, the signal-to-noise ratio is still low for practical applications.
Further improvements in both measuring system and signal processing are needed.
2.3.2 Local Lorentz force velocimetry
Figure 2.5 shows a simplified sketch of the main components of a local LFV set-up.
With this set-up, Heinicke [16] started the experimental studies of local LFV focusing
mainly on a 10mm cubic permanent magnet attached to a 1-D interference optical
force sensor (IOFS). The system composed of the IOFS and a magnet system will be
referred in this thesis as the 1D-L2F2. Thus, this 1D-L2F2 can measure just one com-
ponent of the force acting on the magnet at a time. As the dimensions of the permanent
magnet are significantly smaller than the flow under investigation (GaInSn in eutectic
Figure 2.5: Simplified sketch of a local LFV set-up. A permanent magnet connected to a force mea-
surement system, the so-called 1D-L2F2, is placed besides a channel in which liquid metal flows. The
permanent magnet is smaller than the cross-section of the flow producing a localized magnetic field
distribution in the liquid metal. The 1D-L2F2 is usually mounted on a granite stone in order to avoid
unwanted vibrations from the duct. Courtesy of Institute for Thermodynamics and Fluid Mechanics,
Technische Universita¨t Ilmenau.
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composition), the 1D-L2F2 was capable to identify cylindrical obstacles in a square
duct (figure 2.6(a)) as well as the resulting modified structures based on the stream-
wise force measurements [17]. These local-velocity predictions based on the force
profiles were validated with UDV measurements. By comparing the peaks of the UDV
and the force profiles, whose peaks were both separated by 3cm, it was concluded that
the spatial resolution of the 1D-L2F2 was 3cm with a 1cm cubic magnet. Chapter 4
gives a more detailed description of the sensor and the experimental set-up, whereby
the influence of the geometry of different magnet systems on the streamwise Lorentz
force is investigated.
This 1D-L2F2 was later used to reconstruct a 2D velocity distribution of liquid
metal in the vicinity of the wall of a confined vessel [19]. The working fluid is GaInSn
in eutectic composition and the flow is driven by a propeller on the top of the vessel,
for which downward and upward pumping were considered. A sketch of the set-up is
depicted in figure 2.6(b). For a 2D force measurement using a 1D force sensor, the
1D-L2F2 has to measure first one component of the force along the measuring grid,
and then should be rotated 90 degrees for obtaining the second perpendicular force
component. Hence, there is the implicit assumption that the flow regime in the vessel
is steady, allowing us to perform a correct reconstruction of the 2D velocity field based
on force distributions measured at different times. It was concluded that the 1D-L2F2
can reproduce well the vertical velocity distribution of GaInSn at least qualitatively.
It was also found that the 1D-L2F2 responds to temporal changes in the flow in the
order of 1Hz. However, in local LFV it is not only important the time variation of the
velocity field itself, but also the type of velocity distribution in the portion of the fluid
(a) (b)
Figure 2.6: (a) The fluid flows in a straight square duct with mean velocity v in the x-direction.
The cross-section of the duct is 5cm× 5cm, in which the characteristic length scale is the half-width
L= 2.5cm. The cubic magnet (D= 1cm) is placed beside the duct, (almost) touching the 5mm plex-
iglass wall [17]. (b) Sketch of confined cylindrical vessel experiment. The propeller and the guiding
blades are attached to the bottom of the lid. The L2F2 uses a 1cm cubic magnet for measuring the
vertical and horizontal force components. The measured force profiles cover the entire height of the
liquid metal in the vessel [19].
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Figure 2.7: Sketch of the considered problem regarding local LFV and conducting walls. A permanent
magnet m is placed next to a pipe in which GaInSn flows in turbulent regime at an average velocity v.
Here, conducting (brass and copper) and non-conducting (PVC) walls were considered in both experi-
ments and simulations [25].
volume spanned by the magnetic field generated by the small-size magnet. Chapter 5
will discuss the influence of different types of velocity distributions on the force and
torque components acting on different magnet systems.
In [25], the 1D-L2F2 was used to investigate the effect of conducting walls on the
Lorentz force acting on a permanent magnet placed near a cylindrical-pipe flow. A
sketch of the considered problem is depicted in figure 2.7. A numerical model and
experimental results were reported showing good agreement except for lower air gaps
between the surface of the magnet and the surface of the tube. In the case of the nu-
merical model, the analytic magnetic field distribution of a dipole and a rectangular
magnet were both considered. Here, it was found that the Lorentz force in experi-
ments and in the numerical model increased when the electrical conductivity of the
wall increased. According to [25], this increase could be attributed to the eddy cur-
rents flowing through the conducting wall next to the magnet.
To summarized, local LFV has proven to give a qualitative assessment of the ve-
locity field of a liquid metal flow in the area near the wall next to the magnet. However,
important open questions still remain unsolved like the definition of the fraction of the
fluid that contributes mainly to the measurable force and its dependence on different
velocity distributions. Additionally, a better understanding of the effect of conducting
walls in LFV has to be deeply analyzed for optimization studies in future applications.
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Chapter 3
Electric potential in Lorentz force
velocimetry
This chapter focuses on the effect of the induced electric potential in Lorentz force
velocimetry by considering two different scenarios: conducting walls of finite thick-
ness and aspect-ratio variation of the cross-section of the flow. It has been observed in
previous and in the present experiments that the measurable Lorentz force is stronger
when either the electrical conductivity of the wall increases or the aspect ratio of the
cross-section of the flow varies, i.e. when the ratio of the height h to the width w of the
duct increases. The first case is studied for a turbulent flow inside a pipe (figure 3.1(a)),
and the second one for a moving solid conductor with rectangular cross-section (fig-
ure 3.1(b)). Based on numerical models of the experiments, it is shown that the force
component generated by the electric potential is always in the opposite direction to
the total Lorentz force. This component is sensitive to the electrical conductivity of
the walls, being perfectly conducting and perfectly insulating the two limited cases.
(a) (b) (c)
Figure 3.1: Simplified sketches for investigating wall conductivity effect (a) and the aspect ratio vari-
ation of the cross-section of the flow (b) on the Lorentz force. (c) Sketch of LFV in electrolytes with
conducting side walls and insulating Hartmann walls. In all cases, permanent magnets (PM) are placed
on each side of the tube/bar/duct. Their magnetization points into the z-direction.
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Additionally, it is also sensitive to the aspect ratio of the cross-section of the flow. The
measurable Lorentz force increases significantly when this force component originat-
ing from the induced electric potential decreases. At the end of this chapter, a proposal
is presented using conducting side walls (parallel to the magnetization of the magnets
and located at the top and bottom of the duct) and insulating Hartmann walls (perpen-
dicular to the magnetization of the magnets). For this configuration (see figure 3.1(c)),
the expected increase of the total Lorentz force in electrolytes is obtained based on the
experimental results in [67], where the flow rate of salt water was measured. In the
particular case of electrolytes, the ratio of conductivities between the liquid and the
wall can be effectively infinite by using copper or aluminum walls.
The main results in this chapter will be published in the first reference of the au-
thor’s publication list (Appendix: A List of publications). The structure of this chapter
is organized as follows: section 3.1 focuses on the effect of wall conductivity on the
Lorentz force. It starts with the results at the experimental facility GaInSn loop fol-
lowed by an analytical model of the general case regarding perfectly conducting and
insulating walls. Afterwards, the numerical model of the experiments is described pre-
senting the corresponding numerical results. Then, section 3.2 will examine the effect
of the aspect ratio variation of the cross-section of the flow on the Lorentz force. It
starts with the experiments at SOMECA followed by the numerical results. Section
3.3 analyses numerically the effect of top and bottom conducting side walls in the case
of electrolytes giving an estimate of the expected increase of the total Lorentz force.
Finally, section 3.4 summarizes the main conclusions.
3.1 Wall conductivity effect
As mentioned previously in section 2.3.2, the effect on the total Lorentz force
caused by different electrical conductivities of the wall was studied by Kazak using
a small-size magnet [25]. The experiments were done at the GaInSn loop (figure
3.2(a)) and a numerical model was developed. In both cases, the magnitude of the
simulated/measured Lorentz force was stronger, when the ratio of the conductivity of
the wall σw to the conductivity of the liquid σl increased. However, the analysis pro-
vided by Kazak did not take into account the limiting case where σw tends to infinity
or a deeper explanation of the cause of this increase. In this section, the considered
problem is analytically and numerically analyzed for both limiting cases, for which
the ratio of conductivities tends to infinity (perfectly conducting) or to zero (perfectly
insulating). Here, a LFF composed of two permanent magnets is used as measuring
device, contrary to the small-size magnet used by Kazak. In this way the results can
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be extended to LFF in general, e.g. to the application of low conducting liquids like
electrolytes (section 3.3).
3.1.1 Experimental set-up and results
The effect of wall conductivity on the measured Lorentz force is experimentally
investigated at the GaInSn loop available at Helmholtz-Zentrum Dresden-Rossendorf
(HZDR). A photo of the set-up is depicted in figure 3.2(a). It is a liquid metal loop com-
posed of a stainless steel section connected to 3 different tubes made from PVC, copper
and brass. They share the same inner diameter d = 27mm, wall thickness t = 2.5mm
and length l = 400mm. The electrical conductivities of the brass and copper tubes are
13.7MS/m and 47.1MS/m, respectively. These two quantities were measured using
SIGMATEST 2.069 [23]. At the beginning of the tubes there is a valve that controls
the flow of GaInSn, whose electrical conductivity is 3.3 ·106 ± 3 ·104S/m at 20◦C
[37]. The flow is driven by an electromagnetic pump from the stainless steel tube
passing first through a commercial inductive flowmeter and then to the corresponding
valve-controlled tube. The average velocity ux in the experiments is in the range of
0≤ ux ≤ 1m/s in steps of 0.2m/s, which corresponds to a range of Reynolds num-
bers of 0≤ Re≤ 7.9 ·104.
The LFF in this case consists of two permanent magnets (NdFeB, N40) with di-
mensions 88mm×24mm×10mm, which are mounted on a yoke made of aluminum.
(a) (b)
Figure 3.2: (a) GaInSn loop facility with electromagnetic pump, commercial inductive flowmeter
(COPA-XL DN25 from ABB) and LFF. (b) Close-up of the set-up including the LFF and the cop-
per tube. The tube is placed in the middle of the permanent magnets maintaining and air gap of about
3.9 mm at each side.
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Figure 3.3: Dependence of the Lorentz force magnitude on the average velocity of the liquid metal for
different wall conductivities. The error bars represent the standard deviation of the measurements at
different positions along the tube (inlet, middle, and outlet) and for pumping in positive and in negative
direction.
The yoke is fixed to a load cell that measures the total streamwise force that acts on the
magnets. The load cell is connected to an analogue-to-digital converter. The results
of the force measurements show that the Lorentz force increased when the electrical
conductivity of the wall also increased (figure 3.3). By using the brass and copper
tubes, the force was about 1.3 and 1.9 times higher in comparison with the PVC tube,
respectively. The detail explanation of this effect can be found in section 3.1.4.
3.1.2 Analytic model
The analytical model in this section is the result of private communication with
Thomas Boeck (TU Ilmenau). Here, based on perturbation theory, the two limiting
cases of this system are analyzed: perfectly conducting (σw/σl ≫ 1) and perfectly











Figure 3.4: Sketch of the considered problem: liquid metal with conductivity σl flows with a constant
velocity ~u inside a circular pipe with conductivity σw. Orthogonal to the flow direction, an static mag-
netic field ~B0 is applied.
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of Ohm’s law and N≪ 1. The sketch of the considered problem is shown in figure 3.4.
3.1.2.1 Limiting case of infinite wall conductivity
According to figure 3.4, Ohm’s law for the two regions, liquid metal and wall, read
as
~jl = σl(−∇φ +~u× ~B0), ~jw = σw(−∇φ), (3.1, 3.2)
respectively. At the liquid-solid boundary, the electric potential φ and the normal cur-
rent jn are continuous. Now we define
ψl = σlφ , ψw = σwφ . (3.3, 3.4)
By taking the divergence of (3.1) and (3.2), where ∇ ·~j = 0 due to charge conser-
vation, we obtain
∇2ψl = ∇ · (σl~u× ~B0), ∇2ψw = 0. (3.5, 3.6)
Here, (3.5) is defined in cylindrical coordinates in the region 0≤ r ≤ R1 and (3.6) in
R1 ≤ r ≤ R2. Moreover, at r = R1, the normal current that leaves the liquid jn,l and the























Now let ε = σlσw ≪ 1. In this case we can express ψl as
ψl = ε ψw (3.11)
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Here (3.9), (3.11) and (3.12), provide proper boundary conditions for (3.5, 3.6). We













w . (3.13, 3.14)
The leading order problem (ε0) is therefore
∇2ψ
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l = ∇ · (σl~u× ~B0), ∇2ψ
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= 0. (3.17, 3.18, 3.19)
For the order ε1:
∇2ψ
(1)
l = 0, ∇
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. (3.22, 3.23, 3.24)








l +σl~u× ~B0. (3.25)
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It follows that the force should tend to a finite asymptotic limit when σw → ∞. The
first correction is linear in ε , i.e. ∼ 1/σw. This behavior should be found in a full









× ~B0 ) dV+
∫
r≤R1
σl (~u × ~B0)× ~B0 dV . (3.27)
In order to solve the first term on the right side of (3.27), we define ~B0 as the gradient
of the magnetic scalar potential χ . This is the case for simply-connected current-free
regions according to [15] where ∇2 χ = 0. Then, the first term on the right side of
(3.27) is
22




l ×∇χ dV =
∫




l ∇×∇χ dV. (3.28)
Since the curl of a gradient is always zero, the second term on the right side of (3.28)
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over the boundary liquid-wall where ψ
(0)
l |R1 = 0 as mentioned above. This means that






σl (~u × ~B0 )× ~B0 dV, (3.30)
i.e. the first term of (3.27) vanishes. This term originating from the electric potential is
sensitive to the boundary conditions and influences the distribution of the currents in
the liquid. It can thus be concluded that this component of the Lorentz force in the fluid
depends on the electrical resistivity of the wall. According to the numerical simulations
presented in the following section for insulating and low ε , this force component is
always pointing in the opposite direction to the ~u× ~B0 term causing a considerable
decrease of the total force in the liquid. This same effect can also be seen by changing
the aspect ratio of the cross-section of the flow as shown in section 3.2. However, in
the case of conducting walls, we have to keep in mind that as the eddy currents are
flowing through the wall too, they also generate a force
~Fw =
∫
(~jw× ~B0) dV =
∫
σw (−∇φ × ~B0) dV (3.31)
in the region R1 ≤ r ≤ R2 that contributes to the total Lorentz force ~F according to
~F = ~Fl + ~Fw.
3.1.2.2 Limiting case of insulating walls
In this section, the second limiting case of the system is investigated in which
1/ε ≪ 1. Let us define εw = σw/σl , i.e εw = 1/ε . According to section 3.1.2.1, φ is
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The divergence of (3.1) and (3.2) is in this case
∇2φl = ∇ · (~u× ~B0), ∇2φw = 0. (3.33, 3.34)























By making a regular series expansion of φl and φw in εw analogous to section 3.1.2.1,
























. (3.39, 3.40 3.41)
For the order ε1 we obtain
∇2φ
(1)
l = 0, ∇
2φ
(1)
























. (3.44, 3.45, 3.46)
The equations are the same for higher orders of εw. The eddy currents in the wall





























+ . . . (3.49)
in the region R1 ≤ r ≤ R2. Analogous to (3.26), it follows that the force in the wall
also tends to zero when σw → 0. Since σl is assumed fixed, the force in the wall has a
leading term proportional to εw, i.e. ∼ σw.
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3.1.3 Numerical model
The numerical model is depicted in figure 3.5(a) and is based on the experiments
at GaInSn loop from section 3.1.1. In this case, εw will be gradually increased starting
from insulating walls (εw ≪ 1), passing through brass (σw = 13.7MS/m) and copper
(σw = 47.1MS/m), until reaching the asymptotic limit of Fl for perfectly conducting
walls (εw ≫ 1) according to the analytical model from section 3.1.2.1. For every value
of σw, the induced electric potential φ is obtained by solving simultaneously (3.5) and
(3.6) using the PDEModule in the commercial FEM software COMSOLMultiphysics.
Insulating boundary conditions are applied (jn = 0) at~r = R2 as well as at the outlet
and inlet of the tube. The tube is sufficiently long in order to avoid the effect of both
(a) (b)
Figure 3.5: (a) Sketch of the considered problem: GaInSn with conductivity σl flows through a pipe
with conductivity σw and thickness R2−R1. Two permanent magnets are placed at each side of the tube
at a distance s leaving an air gap ag between the surface of the magnet and the surface of the tube. Their
magnetization Mz points into ~ez and their center is placed at x = 0, y = 0, z = ±(R2+ ag+ c/2). (b)
Cross-section of the structure of the mesh for Na = 100, Nl = 100, Nr = 50.
Table 3.1: Geometry parameters and material
properties of GaInSn and wall.
Parameter Value
Kinematic viscosity ν 3.4 ·10−7m2/s
Elec. cond. liquid σl 3.3 ·106 S/m
Elec. cond. wall σw 10
−6 . . .1015S/m
Pipe inner radius R1 13.5mm
Wall thickness R2−R1 2.5mm
Pipe length L 10R1
Distance magnets s 39.8mm
Table 3.2: Parameters of the permanent mag-
nets.
Parameter Value
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ends on the solution. A summary of the geometry and material properties is shown in
table 3.1.
In order to have a complete specification of the problem, the velocity field ~u as
well as the applied magnetic field ~B0 have to be fixed in both liquid and wall. Like
in the experiments, two rectangular permanent magnets are the source of ~B0, whereby
their magnetization is ~M = Mz~ez. Their properties are summarized in table 3.2. The
magnetic field generated by a rectangular magnet can be represented by the expres-
sion ~B0 = Bx~ex +By~ey +Bz~ez, where the components Bx, By and Bz can be obtained
analytically [12]. As there are two rectangular magnets in the experimental set-up, ~B0
contains the contribution of both magnets according to the superposition principle of
magnetic fields. The formulas for ~B0 are given in Appendix B as well as a general
description of the numerical model, which is the basis of all simulations developed in
this thesis.
In the case of the velocity field ~u, a mixing-length formula can be employed as the
flow regime in the tube is turbulent. Here, the fluctuations of the flow are not taken
into consideration, i.e. ~u is purely axial and depends only on the radius r. According

















where uτ is defined as the friction velocity and κ0 = 0.42 is the von Ka´rma´n constant.
Here, uτ is defined in such a way that the required mean velocity is obtained by in-
tegrating the velocity over the cross-section of the flow. The results of the numerical
model are given for ux = 1m/s having uτ = 0.0768m/s.
Similar to [3, 25], the meshing across the liquid and the wall is composed of non-
uniform second-order hexahedral elements that take into account the decay of the mag-
netic field with the distance in the radial, axial and azimuthal direction. There is a
deformed mesh in the region defined by a circumference with radius 2R1/5 in order
to have a structured mesh inside the liquid. It is also used as a starting line for the
geometric progression of element size towards the outer radius. The structure of the
non-uniform mesh is parameterized by the following variables: number of azimuthal
Na, radial Nr and axial Nl grid lines. It was observed that ~F is more sensitive to Na and
Nr. In relation with grid convergence, for Na = 50, Nl = 50, Nr = 25 in comparison
with Na = 100, Nl = 100, Nr = 50, the variation is ≈ 1% for σw = 47.1 ·106S/m. The
finer mesh defined by these last parameters (about 1.43 ·106 elements) was consistently
used in all computations and its cross-section is shown in figure 3.5(b).
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3.1.4 Numerical results
Before presenting the results regarding ~F , we first consider the change of ~j in the
liquid and in the wall due to the progressive increase of σw. The eddy current dis-
tribution is of highest importance and every change will represent in either a positive
or negative influence on ~F . In this sense, the eddy currents stream lines of ~j in the
x− y plane for insulating, copper and perfect conducting walls are plotted in figure
3.6. Here, it can be seen that the overall distribution of ~j is affected by the conductivity
of the wall. For example, the center of the main eddies is shifted from x≈±0.02m
to x≈±0.03m for insulating (figure 3.6(a)) and copper walls (figure 3.6(b)), respec-
tively. When εw is sufficiently high, the eddy currents in the liquid and in the wall do
no longer change (figure 3.6(c)). Here, φ does not contribute to ~Fl but~u× ~B0 in agree-




Figure 3.6: Eddy current streamlines in the liquid and in the wall in the x− y plane for (a) insulating,
(b) copper and (c) and perfectly conducting walls.
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(a) (b)
Figure 3.7: (a) Fl,φ , Fl,u×B0 , Fw, F and Fexp as a function of log10(εw) normalized by |Fref |= 0.146N
and |FPVC|= 0.154N for the numerical and experimental results, respectively. The values of Fexp at
log10(εw) = 0.62 and log10(εw) = 1.15 correspond to the measured forces using the brass and cop-
per tube, respectively. For log10(εw)> 4.5 the wall tends to infinite conductivity (Fl,φ ≈ 0), and for
log10(εw)<−4.5, we approach electrically insulating boundary conditions (Fw ≈ 0). (b) Limiting cases
of wall conductivity. For εw ≫ 1, Fl,φ is proportional to ε and for εw ≪ 1, Fw is proportional to εw vali-
dating the predictions in sections 3.1.2.1 and 3.1.2.2.
of this behavior, the total streamwise Lorentz force is analyzed by the contributions of
the liquid and wall as
F = Fl +Fw. (3.51)
Analogous to (3.27), Fl can be also written as










σl((~u× ~B0)× ~B0) ·~ex dV , (3.54)




σw (−∇φ × ~B0) ·~ex dV. (3.55)
The equations (3.51) to (3.55) are used for the analysis of the three different con-
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Table 3.3: Comparison between the measured total Lorentz force
Fexp and the total Lorentz force F calculated using the numerical





PVC 0 0.154 0.146 5.5%
Brass 13.7 0.196 0.236 16.9%
Copper 47.1 0.285 0.280 1.8%
figurations considered in this chapter: conducting walls (section 3.1.4), aspect ratio
variation of the cross-section of the flow (section 3.2) and LFV in electrolytes with top
and bottom conducting side walls (section 3.3).
Figure 3.7(a) summarizes the results of Fl,φ , Fl,u×B0 , Fw and F in the case of the
GaInSn loop. They are normalized by Fref as a function of log10(εw) for a better visu-
alization. Here, Fref represents the value of F for insulating walls which is the current
state of the art of Lorentz force velocimetry. The measured forces in the experiments
Fexp are also normalized in the same way by FPVC which is the measured force using
the PVC tube. Table 3.3 summarizes the results of Fexp in comparison with F .
Due to the rapid decay of magnetic fields, one of the usual important contributions
to uncertainty regarding measurements and simulations is the position of the magnets
with respect to the flow. For instance, it was found in chapter 4 that a position uncer-
tainty of about 0.5mm of the small-size magnet with respect to the liquid metal could
generated force uncertainties of about 13%. In this sense, the deviation between F and
Fexp according to table 3.3 may be caused by the positioning errors between the LFF
and the tube, and the errors of measurement regarding the inner diameter of the tube
(±0.1mm). In order to minimize this effect, multiple measurements were performed
at different positions along the tube (inlet, middle, and outlet) and also pumping in the
positive and in the negative direction (figure 3.3). However, these uncertainties are not
sufficient to explain 16.9% deviation regarding the brass tube. It is assumed that the
main source of this deviation is due to the formation of oxide layers or even a possible
passive chemical reaction on the inner surface of the brass tube decreasing the current
flow into the wall. Further investigations in this area are highly recommended in order
to identify exactly the cause of this behavior, although this effect was not seen with the
copper tube where there was a good agreement with a relative error of 1.8%.
According to figure 3.7(a), the wall approaches infinite conductivity when
log10(εw)> 4.5, whereby Fl,φ ≈ 0 as already predicted in section 3.1.2.1. For
log10(εw)<−4.5, the wall is effectively insulating so Fw ≈ 0. Despite the fact that
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there is indeed a significant increase in F of around 91% using copper walls in com-
parison with Fref , we find that the expected magnitude of F by the perfectly conducting
wall case is just 24% above this value. The numerical results show that F does not con-
verge to the Fl,u×B0 limit which is constant and does not depend on σw. This situation
is attributed to the eddy current distribution in the wall which is shown in figure 3.8(a).
When the eddy currents are generated inside the liquid, they flow upwards into the wall
and at R2, due to insulating boundary condition, they are forced to bend to the sides.
Then, they flow downwards through the wall and close at the bottom. As a conse-
quence, the eddy currents in the wall are opposite to the eddy currents inside the liquid
generating a force Fw opposite to Fu×B0 . Even if the electric potential approaches an
equipotential state i.e. −∇φ ≈ 0 at εw ≫ 1, the magnitude of Fw will be still compa-
rable to Fu×B0 restricting F to approach this limit. We have to keep in mind that if φ
is indeed constant, i.e. ∇φ = 0, no current could flow through the wall and the eddy
currents generated inside the liquid will not be able to close.
For a better understanding of the physics involved, the effect of the flow-braking
Lorentz force can also be expressed as the loss of mechanical energy due to Joule
dissipation as



















Here, ~fl corresponds to the induced Lorentz force density in the liquid defined as
~fl = ~jl× ~B0. As Fl from (3.52), P can be also written as a term that depends on φ and
a term that depends on ~u× ~B0 so




σl((~u× ~B0)× ~B0) ·~u dV, (3.61)
Pl,φ =−
∫
σl (−∇φ × ~B0) ·~u dV. (3.62)
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(a) (b)
Figure 3.8: (a) Eddy current streamlines in the z− y plane together with the contour plot of the stream-
wise Lorentz force density fx for log10(εw)> 4.5. Here, fx on the lateral sides of the tube is in the
opposite direction that the one in the liquid. (b) Results of each of the components of (3.60) and (3.63)
as a function of log10(εw) normalized by |Pref |= 0.162Wwhich is the value of P for log10(εw)<−4.5.
For log10(εw)> 4.5 the wall is infinitely conducting and all components converge to a constant value.
Pl,u×B0 represents the maximal power available in the system and is independent of
σw. This power is transformed into the eddy currents in the liquid and in the wall
represented by Pl, j and Pw, j, and a contribution Pl,φ that depends on φ , so
Pl,u×B0 = Pl, j+Pw, j+Pl,φ . (3.63)
The results of these last equations are summarized in figure 3.8(b). In this figure it
is shown that Pl,φ does not converge to 0 as Fl,φ . As explained before, Fl,φ expresses
the electrical resistivity of the wall depending on the value of εw. Despite the fact that
Fl,φ ≈ 0 for high ratios of εw, the electric potential φ is still present in the liquid gen-
erating an electric field ~E = −∇φ that ensures ∇ ·~j = 0. According to the numerical
results, Pl,φ inside the liquid for εw ≫ 1 (perfectly conducting walls) is a small frac-
tion in comparison with εw ≪ 1 (insulating walls), where a stronger induced electrical
potential is needed for the eddy currents to close inside the liquid.
3.2 Aspect ratio variation
In section 3.1 it was shown that the force component Fl,φ depends on the resistivity
of the wall that confines the liquid. However, it will be discussed in this section that
this force component can also be affected when the aspect ratio of the cross-section
of the flow varies, leading to a significant increase of the total Lorentz force Fl . In
the experiments at SOMECA (section 3.2.1), it was observed that the Lorentz force
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is about 2.6 times stronger when the bar with cross-section 100×50mm2 is placed
vertically than horizontally (figure 3.9). For a better understanding of this effect, two
numerical models of the experiments were developed: 3Dmodel (section 3.2.2) and 2D
model (section 3.2.3). Each component of the Lorentz force is going to be separately
analyzed in order to see their evolution by different aspect ratios of the bar, which has
a constant cross-section.
3.2.1 Experimental set-up and results
The influence of the aspect ratio variation of the cross-section of the flow on the
measured Lorentz force is experimentally investigated at the SOMECA facility (SOlid
MEtal CAlibration) which is depicted in figure 3.9(a). It is used for the dry calibration
of the LFF. Dry calibration is understood as the use of solid bars instead of liquid
metal in order to find the calibration factor Kv that relates the force signal ~F of the
load cell and the volumetric flow rate V˙ according to V˙ = Kv·|~F|. This procedure was
proposed by Minchenya [35] for the calibration of LFF in open-channel flows where
the melt level is fluctuating resulting in a non-linear behavior between the force and
the flow rate. According to [52], the Lorentz force ~F for closed channel turbulent
flows at high Reynolds numbers (Re> 104) is weakly affected by the specific shape
of the velocity profile and it can be approximated by a solid conductor moving at
a constant velocity. Additionally, the influence of symmetric and asymmetric flow




Figure 3.9: (a) SOMECA experimental facility with linear motor, aluminum bar and LFF. Cross-section
of SOMECA with aluminum bar placed horizontally (b) and vertically (c) in the middle of two perma-
nent magnets (gray). The distance between the permanent magnets is 250mm and the cross-section of
the bar is 100× 50mm2. The measured Lorentz force in (b) is 0.51N and in (c) is 1.34N.
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was concluded that the measured Lorentz force is not sensitive to various flow profiles
in turbulent regime.
The LFF at SOMECA has two magnet blocks with dimensions
140mm×200mm×40mm. Each of this magnet blocks is composed of 28 sin-
gle permanent magnets (NdFeB, N48H) with dimensions 20mm×100mm×20mm.
The magnetization direction is the same for all magnets and points perpendicular
to the moving bar. The magnets blocks are fixed to a steel yoke that closes the
outer magnet circuit and is connected to an analogue-digital converter (like the
LFF from section 3.1.1). In the present study, an aluminum bar (previously used
in [35]) with dimensions 1000mm×50mm×100mm was employed as test body.
In the experiments, two different arrangements of the bar were used: 1- bar placed
horizontally (figure 3.9(b)) and 2- bar placed vertically (figure 3.9(c)) in the middle
of the permanent magnets. For both cases, the bar moves at a constant velocity
ux = 0.12m/s. Although the magnitude of the magnetic field inside the bar is weaker
in the vertical case, it generates about 2.6 times stronger Lorentz force in comparison
with the horizontal case. A detailed explanation of these results is presented further in
this chapter in section 3.2.2.
3.2.2 3D Model
The sketch of the 3D numerical model is depicted in figure 3.10 and the geometrical
parameters are presented in table 3.4. By changing h/w, the eddy current distribution
in the bar is modified due to the proximity of the top and bottom walls of the bar to the
magnetic field generated by the permanent magnets. The insulating walls do not allow
the currents to grow further, and therefore, they are forced to close in a smaller region
restricting the magnitude of Fl. This kind of resistivity regarding insulating walls is
associated with how strong the gradient of the induced electric potential φ has to be








Figure 3.10: Sketch of the considered problem: a solid bar with conductivity σl and cross-section w× h
moves at a constant velocity ux through the middle of two permanent magnets whose magnetization
direction is ~ez. Their center is placed at x= 0, y= 0, z=±(s/2+ c/2).
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Table 3.4: Geometry parameters and mate-




h/w 0.125 . . .32
Elec. cond. bar σl 22 ·106 S/m
Distance magnets s 250mm
Table 3.5: Parameters of the permanent magnets used
in the numerical model of SOMECA.
Parameter Value





Table 3.6: Comparison between measured total
Lorentz force Fexp and the total Lorentz force Fl cal-




50 0.51 0.51 0%
100 1.34 1.32 1%
walls case, is associated with Fl,φ .
The magnetization of the permanent magnetsMz = 0.97 ·106A/m was previously
obtained by Stelian in [53]. Here, it was found that without the steel yoke, the total
force decreases by about 40%. However, the increase of magnetic field due to the mag-
netization of the yoke is not taken into consideration in the present numerical model.
Hence, in order to incorporate this effect, the magnetization is increased likewise up
to the valueMz = 1.29 ·106A/m. In this case for ux = 0.12m/s, there is a good agree-
ment between the experiments and the numerical model for the values of h shown in
table 3.6. The parameters of the permanent magnets are presented in table 3.5. It is ac-
knowledged that the magnetic field in experiments and simulations using this modified
Mz may differ locally, but the physics behind the increase or decrease of Fl due to the
variation of the aspect ratio of the cross-section of the bar are the same.
Like in the numerical model of section 3.1.3 and as the magnetic field ~B0 and veloc-
ity ux of the bar are already given, the electrical potential φ can be obtained by solving
(3.5). Then, ~jl , Fl , Fl,φ and Fl,u×B0 are determined through (3.1), (3.52), (3.53) and
(3.54), respectively. The results of the forces are shown in figure 3.11(c). In contrast to
the case discussed in section 3.1, it is found that Fl,u×B0 is no longer constant and de-
cays by increasing the aspect ratio h/w. Due to the rapid decay of magnetic field along
the z-axis and as the bar is becoming thinner in this direction, the average strength
of the magnetic field in the bar becomes weaker in each step. For the simultaneous
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(a)
(b) (c)
Figure 3.11: (a) Eddy current streamlines for jx and jy in the x− y plane for log10(h/w) =−0.3 (a) and
log10(h/w) = 0.3 (b). (c) Fl , Fl,φ , Fl,u×B0 and Fexp, as a function of log10(h/w). Fl,φ is always in the
order of magnitude and in the opposite direction to Fl,u×B0 . We can see that even though Fl,u×B0 decays
when h/w is rising, the total Lorentz force Fl increases.
increase of Fl , the influence of the top and bottom insulating walls plays an impor-
tant role restricting the growth of the induced eddy currents. At the top and bottom
boundaries, an electric field
∂φ
∂y =~u× ~B0 ·~ey is generated in order to satisfy the elec-
trical insulating boundary condition. According to the numerical results based on the
2D approximation of the problem (section 3.2.3), the force generated by this electric
field represents a fraction of Fl,φ which diminishes when the top and bottom side walls
(y=±h/2) in comparison with the Hartmann walls (z=±w/2) get smaller. In other
words, for bigger h/w, the eddy current loops cover a larger volume of the bar generat-
ing a stronger value of Fl . For a better visualization of this effect, the eddy currents jx
and jy in the x− y plane are plotted in figures 3.11(a) and 3.11(b) for h= 50mm and
h= 100mm, which correspond to log10 (h/w) =−0.3 and log10 (h/w) = 0.3, respec-
tively. For h= 50mm, the eddy currents loops are forced to close earlier in y-direction,
and therefore, its value of Fl,φ in comparison with Fu×B0 is higher than in h= 100mm.
As a consequence, Fl , which is the sum of Fl,φ and Fu×B0 , is significantly higher when
the bar is placed vertically than horizontally.
According to figure 3.11(c), as expected, Fl,φ is always in the opposite direction
to Fl,u×B0 . The way in which both quantities interact will represent in a positive of
negative effect on the total Lorentz force Fl. For example, Fl does not increases when
h/w grows for values lower than log10 (h/w)≈−0.61 (see figure 3.12(b)). This effect
can be attributed to the fact that the lateral sides of the bar are very close to the magnet
where the magnetic field and its gradient are higher. After this minimum point in h/w,
the decay of Fl,φ is faster than Fl,u×B0. By increasing h/w further, the maximum value
of Fl is reached at log10 (h/w)≈ 1.36 in which the magnetic field with higher density
does not reach the upper and lower walls any more.
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3.2.3 2D Model
For bigger values of h/w, the eddy currents become purely two dimensional and
the bar can be modeled by a 2D thin layer with thickness w (figure 3.12(a)). The
length of the layer is L2D = 10L= 10m and its height will be gradually increased until
h= 5000mm. Here, ~B0 is taken from the symmetry plane x− y and it is assumed
constant across the thickness w. The current density is obtained from (2.10) and the
forces per unit width w of the layer take in this case the form
F2D = F2D,φ +F2D,u×B0, (3.64)
F2D,φ =
∫




σl((~u× ~B0)× ~B0) ·~ex dA . (3.66)
In this case, the boundaries of the domain are electrically insulating where jn = 0.
According to figure 3.12(b), there is good agreement between the 3D and the 2D
numerical models for values of log10(h/w)> 1, where Fl ≈ F2D ·w, Fl,φ ≈ F2D,φ ·w
and Fl,u×B0 ≈ F2D,u×B0 ·w. The advantage of the simplified 2D model is that for
h= 5000mm, the layer can be considered semi-infinite, which means that the mag-
netic field ~B0 does not reach anymore the boundaries of the domain and (3.64), (3.65),
and (3.66) converge to a limit different from zero. When h/w→ ∞, the induced elec-
(a) (b)
Figure 3.12: (a) 2D model of the bar for log10(h/w) > 1. (b) Fl , Fl,φ , Fl,u×B0 and Fexp, as a function
of log10(h/w) for the 3D (solid lines) and 2D numerical model (dashed lines). The 2D solution is
plotted for log10(h/w)> 0.65. The dark asterisk corresponds to the value of h/w where Fl ≈ F2D ·w is
maximum.
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(a) (b)
Figure 3.13: (a) F2D, F2D,φ andF2D,u×B0 normalized bymax(|F2D,u×B0 |) = |F2D,u×B0 |h/w→∞|= 742.4N/m
as a function of log10(h/w). (b) Ey as a function of log10(h/w) for different s. The black points corre-
spond to the location of the maximum value of F2D ·w and |F2D,u×B0/max(F2D,u×B0)| ≈ 98%.
tric field on the boundary will vanish and the value of F2D,φ will represent the effect
of the induced electric potential φ without the influence of insulating walls (see figure













(~u× ~B0) ·~ey dl. (3.67)
Here, Ey is the line integral of
∂φ
∂y on the top or bottom boundary of the layer (y =
±h/2). The results are presented in figure 3.13(b). In this figure it is shown that
Ey is maximum for small values of h/w, where the top and bottom walls are near to
the applied magnetic field of higher magnitude, and therefore, a stronger electric field
is induced in order to satisfy insulating boundary conditions. For h/w≫ 1, Ey →
0 as expected. Additionally, it was observed that the value of the aspect ratio h/w,
where Ey = 0 for distance between magnets s= 150 . . .450mm, provides a relative
good assessment of the expected value of the maximum force F2D ·w and h.
In conclusion, the more pronounced decay of Fl,φ compensates the one of Fu×B0
when the aspect ratio of the bar is changed resulting in a considerable increase of
the total Lorentz force Fl . However, according to the results of the 2D model, F2D,φ
converges to a value different from zero for h/w≫ 1, contrary to the infinite wall
conductivity case where Fl,φ ≈ 0. The numerical results show that F2D,φ , or in general
Fl,φ , has a component that depends on the proximity of the top and bottom side walls to
the applied magnetic field of higher density and it decreases when h/w increases. The
optimal h/w, where F2D is maximum, is obtained where F2D,u×B0/F2D,u×B0|h/w→∞ ≈
98% or Ey ≈ 0 according to figures 3.13(a) and 3.13(b). The location of F2D ·w|Ey=0
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offers a good approximation of the maximum values of F2D ·w with a relative error
less than 1% and for h less than 7%.
3.3 Lorentz force velocimetry in electrolytes
According to section 3.1 and 3.2 it was found that in particular, when εw or h/w
are increased, Fl,φ diminishes providing a significant increase of the magnitude of the
measurable Lorentz force F . Now, the numerical model in this section applies these
two concepts in order to increase the measurable Lorentz force in weakly conducting
fluids, i.e. electrolytes. Here, the results obtained in the experimental set-up described
in [67] are taken as reference, where the flow rate of salt water was measured using a
LFF. In this set-up, salt water flows through a rectangular duct made of glass at an av-
erage velocity ux. Two permanent magnets are placed on each side in the middle of the
duct and are connected to a pendulum. Their magnetization Mz points orthogonal to
the duct as the previous set-ups mentioned in the present chapter. The displacement of
the pendulum due to the induced Lorentz force acting on the magnets is measured by
a laser interferometer. On the other hand, the top and bottom side walls in the present
numerical model are electrically conducting, whereas the Hartmann walls are insulat-
ing. As shown in section 3.2, the top and bottom side walls have the predominant
influence on the growth of the eddy currents, and therefore, contribute strongly to the
magnitude of Fl,φ . The reason of choosing insulating Hartmann walls relies on the fact
that if they were conducting, the currents flowing through them will actually generate
a force opposite to that one of the flow. As shown in figure 3.8(a), these currents in the
wall will cause a reduction of F rather than an increase. The sketch of the considered
Figure 3.14: Sketch of the considered problem: electrolyte with conductivity σl flows through a rect-
angular duct with inside cross-section of w× h. The upper and lower side walls are conducting with a
value of conductivity σw and a thickness t. Two permanent magnets are placed at each side of the duct
leaving an air gap between the surface of the magnet and the surface of the lateral walls, i.e. Hartmann
walls, which are insulating. Their magnetization direction is ~ez and their center is placed at x= 0, y= 0,
z=±(s/2+ c/2).
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(a)
(b)
Figure 3.15: Cross-section (a) and front view (b) of the structure of the mesh containing in total 1.54 ·106
non-uniform second order hexahedral elements.
problem is shown in figure 3.14 and its mesh is depicted in figure 3.15.
This type of configuration has been already investigated in [22, 4, 36] for fully-
developed magnetohydrodynamic laminar and turbulent profiles at high Hartmann
numbers Ha. Here, the applied magnetic field is constant and the conducting walls
are assumed thin. In the present problem we have low Ha but the conducting walls
cannot be considered thin as F strongly depends on their thickness t. The analysis
will be focused on fully-developed laminar and turbulent velocity profiles in a square
duct, whereby the velocity distributions are prescribed. The laminar profile can be


















































where a0 = h/2, b0 = w/2, αn = (n−1/2)pi , and µ denotes the kinetic viscosity. The
laminar velocity field in the model ux(y,z) is calculated until n= 10.
The fully-developed turbulent velocity profile in a square duct was obtained previ-
ously by Krasnov in [28] for Re= 1 ·105. In the present case, the characteristic length
lc = h/2= 35/2mm of the square duct is chosen in such a way that the size of its cross-
section corresponds to the same one used in [67], and ux is also in the same range for
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(a) (b) (c)
(d) (e) (f)
Figure 3.16: Streamwise velocity distribution ux for turbulent (a) and laminar (d) solutions for the same
Re = 1 · 105 and average velocity ux = 5.7m/s according to [28] and [38], respectively. Eddy current
streamlines in the z− y plane together with the contour plot of the streamwise Lorentz force density
fx for perfectly insulating (b) and conducting (c) walls for a fully-developed 3-dimensional turbulent
velocity distribution. (e) and (f) are obtained by taking a laminar velocity profile for the same cases.
comparison. The numerical solution for a steady turbulent flow at high Reynolds num-
bers requires large storage and long computation time restricting optimization studies
for the LFF. Therefore, the present study intends to compare the solutions of F for lam-
inar and fully-developed 3D turbulent velocity profiles that share the same ux. If the
error of assuming a laminar profile is relatively low, it will then be possible to perform
conservative optimization procedures regarding the LFF for a given application. Fig-
ures 3.16(a) and 3.16(d) show the turbulent and laminar profiles for ux = 5.7m/s and
Re= 1 ·105, which are the source of ~u in the numerical model. As in the previous
sections, table 3.7 and table 3.8 summarize the geometry and material properties of the
liquid and the wall as well as the parameters of the permanent magnets, respectively.
The advantage of using salt water as working fluid is that we can easily reach
effectively infinite wall conductivity by using common materials for the wall such as
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Table 3.7: Geometry parameters and material prop-
erties of salt water and electrically conducting wall.
Parameter Value
Kinematic viscosity ν 1 ·10−6m2/s
Elec. cond. liquid σl 4S/m
Elec. cond. wall σw 10
−8 . . .106 S/m
Size liquid w×h×L 35×35×200mm3
Wall thickness t 10mm
Distance magnets s 41mm
Table 3.8: Parameters of the permanent
magnets according to [64].
Parameter Value
Size (a× b× c) 30 ×70×30mm3
Material NdFeB
Grade N48
Magnetization 1.050 ·106 A/m
density Mz
(a) (b)
Figure 3.17: (a) Fl,φ , Fl,u×B0, Fw and F as a function of log10(εw) for turbulent (solid line) and laminar
(dashed line) velocities profiles. (b) Results of each of the components of (3.60) and (3.63) as a function
of log10(εw).
copper or aluminum (log10(εw) ≈ 7). However, as now the Hartmann walls are insu-
lating, the eddy currents jy that are opposite to the ones from the core will now flow
through the Hartmann layers in a rather small region (see figures 3.16(f) and 3.16(c)).
This implies that now Fl,φ does not tend to zero but to a finite value resulting in a
decrease of Fl for log10(εw) > 4.5 (figure 3.17(a)). The power component Pl,φ is also
higher meaning that more power from Pl,u×B0 is needed in order to satisfy charge con-
servation in the liquid as seen in both laminar and turbulent solutions (figure 3.17(b)).
However, as now the top and bottom side walls are electrically conducting, the eddy
currents are stretched further in y-direction into the walls generating a Fw in the same
direction of F . Hence, Fw compensates the negative effect of Fl,φ generating at the end
a total Lorentz force F even higher than Fl,u×B0 as shown in figure 3.17(a). Analogous
to section 3.1.4, the force components are normalized by the force using insulating
walls |Fref |= 15.4µN and |Fref |= 17.8µN for the laminar and turbulent solutions,
respectively. This is also the case of the power analysis where |Pref |= 0.183mW and
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|Pref |= 0.105mW for the laminar and turbulent profiles, respectively.
Regarding the eddy current paths for both velocity profiles, one can observe notice-
able differences between them. For example, in the turbulent case, the eddy currents in
the cross-section of the liquid are almost parallel to the walls. This behavior is due to
the very steep boundary layer for high Re behaving like a solid moving at ux. However,
the increase of F in contrast to Fref is comparable for the turbulent and laminar veloc-
ity profiles for the limiting case log10(εw) > 4.5 with F/Fref = 6.3 and F/Fref = 6.6,
respectively. Here, the difference between Fref for both fixed velocity distributions is
about 10%. It can therefore be concluded that the laminar solution can quickly give
a conservative value of the expected magnitude of the force F for insulating and in-
finite conducting walls in a square duct. However, the error regarding Fref does not
only depend in general on the velocity distribution but also on the aspect ratio of the
cross-section of the flow and the distance between the permanent magnets.
Let’s now consider the exact parameters from the experiments in [67] and predict
the increase of F using conducting top and bottom side walls. By applying the laminar
approximation of the velocity profile for the aspect ratio h/w= 46mm/26mm= 1.77,
ux = 3m/s and s= 32mm, |Fref |= 17.7µN whereas |Fexp| ≈ 17µN having a de-
viation of about 4%. The expected increase of F using top and bottom copper
walls (t = 10mm) is F/Fref = 3.3, i.e. F = 3.3(|Fref |) = 3.3(17.7µN) = 58.4µN. As
shown in section 3.1.4 regarding the brass tube, an investigation of erosion, oxide layer
formation and wettability at the boundary liquid-solid should be carried out before-
hand. This step is needed in order to ensure that the generated eddy currents will flow
through the wall without any additional resistance and obtain the expected increase of
the measurable Lorentz force.
3.4 Conclusions
The present study has shown that the force component Fl,φ generated by the in-
duced electric potential φ is sensitive to the ratio between electric conductivity of the
wall and the liquid εw. Perfectly conducting and perfectly insulating walls appear when
log10(εw)> 4.5 and log10(εw)<−4.5, respectively. In the first case, Fl,φ is zero and
in the second one it reaches its maximum value. According to the results dealing with
the variation of the aspect ratio of the cross-section of the flow, this force depends on
the proximity of the top and bottom side walls to the applied magnetic field of higher
magnitude. In general, the force component generated by the induced electrical po-
tential is always opposite to the one given by ~u× ~B0. Hence, when Fl,φ is diminished
by either increasing the electrical conductivity of the walls or by changing the aspect
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ratio of the cross-section of the flow, there is a significant increase of the measurable
total Lorentz force, and therefore, the sensitivity of the measurements is improved. In
the case of Lorentz force velocimetry in electrolytes, infinite wall conductivity can be
effectively reached using common materials like copper.
For top and bottom electrically conducting walls in infinite wall conductivity
regime, a 6 times higher force can be expected in comparison with insulating walls
for a rectangular duct. By comparing a laminar and a turbulent velocity profile for the
same Re, the results in the last section have shown that a conservative estimate of the
expected increase of the measurable Lorentz force can be obtained by using the laminar
approximation. Hence, it allows in the future fast and broader parameter optimization
of the Lorentz force flowmeter. An optimization procedure dealing with the magnet
size, aspect ratio of the flow and wall thickness of the top and bottom walls is advan-
tageous for achieving higher values of the total Lorentz force for a given application.
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Chapter 4
1D local Lorentz force velocimetry
This chapter focuses on the first experimental stages of local Lorentz force ve-
locimetry (local LFV) using cross-shaped magnets in comparison with a reference
10mm cubic magnet. The idea is to investigate the effect of non-axisymmetric mag-
netic field distributions on the streamwise Lorentz force for a fully-developed-turbulent
channel flow with and without cylindrical obstacles inside the duct. The used magnet
systems are described in section 4.1 followed by a comparison of their corresponding
magnetic field distributions. Then, section 4.2 presents the experimental set-up and
section 4.3 provides the main results. Finally, section 4.4 gives a summary of the main
conclusions.
4.1 Magnet systems
As already mentioned in chapter 1, the volume subset of the liquid that interacts
with the magnetic field has to be considerably smaller that the cross-section of the flow
in order to have a localized velocity assessment of the liquid metal. However, if we
decrease the size of the magnets under a limit, the measured force decreases likewise
making its measurement a big challenge for the existing force measurements devices.
For instance, it was found by Heinicke [16] that the force using a 5mm cubic magnet
is 150 times weaker in comparison with a 15 mm cubic magnet (about 5mN), whose
volume is 27 times bigger. This behavior is due to the different magnetic field distri-
butions in the liquid metal. In simple words: the bigger the magnet, the greater the
volume of the fluid spanned by the magnetic field is, and therefore, the magnitude of
the force is stronger. This topic will be deeply discussed in section 5.8, where the
spatial resolution of different magnet systems is numerically analyzed for the experi-
ments at the mini-LIMMCAST facility. However, not just the volume of the magnet
has an impact on the force or torque, but its geometry has also to be considered. An
45
4. 1D local Lorentz force velocimetry
(a) (b) (c)
Figure 4.1: Permanent magnet systems: (a) cross-shaped magnet arrangement (CSMA10.66), (b) cross-
shape magnet (CSM10.66), and (c) 10mm cubic magnet (CUB10). The subscript of the magnet systems
corresponds to the characteristic length lmag of the magnet. The definition of lmag is explained in section
5.2. All magnet systems share the same volume and material for comparison. There magnetization
points orthogonal to the surface of the paper.
optimized geometry of the magnet system can generate, for example, axisymmetric or
non-axisymmetric magnetic field distributions in the liquid depending on the applica-
tion. A non-axisymmetric magnetic field distribution is needed in order to have access
to the torque component that points in the direction of magnetization of the magnet
(see section 5.3.3). As shown in chapter 5, this torque gives us an insight into the local
gradient or curl of the velocity field in this direction.
In the present study, a non-axisymmetric magnetic field distribution is generated
using cross-shaped magnets. The goal is to potentially maintain or increase the spatial
resolution of the force, whereby the torque in the direction of magnetization of the
magnet can now be accessible. Hence, when the force and torque are simultaneously
measured, we can have an insight into both local velocity and local vorticity of the
liquid metal in the region adjacent to the wall. The results of multicomponent mea-
surements and simulations will be later presented in chapter 5. As multicomponent
measurements is meant the simultaneous measurement of all three force and all three
torque components acting on the magnet system. In view of the present and latter ex-
periments, two cross-shaped magnets and a reference cubic permanent magnet were
considered at the beginning of the study (figure 4.1). The model experiments were
performed at the ILMET facility (Ilmenau Liquid METal Channel), which is later de-
scribed in section 4.2. The reason of investigating two different cross-shaped magnets
is that when the CSMA increases in size, i.e. bigger CSMA that the one shown in figure
4.1(a), the bonding through an adhesive joint was difficult to achieved. In order to avoid
these problems, the alternative of having a single magnet with the same cross-shaped
form (figure 4.1(b)) is also considered for future multicomponent measurements. All
magnet systems share the same material and total volume for comparison and their
properties are summarized in table 4.1.
46
4. 1D local Lorentz force velocimetry
Table 4.1: Parameters of magnet systems.
Property Range
Magnet systems CSM10.66, CSMA10.66, CUB10
Dimensions (CUB10) 10mm×10mm×10mm= 1000mm3
Dimensions (CSM10.66, CSMA10.66) 5(5mm×5mm×8mm) = 1000mm3
Material NdFeB
Grade N52
Remanent magnetization Br 1.43 T
Magnetization density M0 1.138×106A/m
4.1.1 Magnetic field distribution
For a rectangular magnet with uniform magnetization there is an analytic solution
for its magnetic field components as explained previously in section 3.1.3. This model
can be further used to obtain analytically the magnetic field of cross-shaped magnets
by the superposition principle of magnetic fields, or in other words, by adding simul-
taneously the magnetic field of five 5×5×8mm3 rectangular magnets that share the
same magnetization direction pointing orthogonal to the surface of the duct. Figure
4.2 compares the magnetic field component Bz of the considered cross-shaped mag-
nets (figure 4.2(a) and 4.2(b)) in comparison with the analytic solution (figure 4.2(c)).
According to figure 4.2, the analytic solution can predict accurately the magnetic
field produced by a cross-shaped permanent magnet system. Additionally, the mea-
surements of the magnetic field component Bz show that the CSM10.66 exhibits a
stronger and more symmetric magnetic field distribution than the CSMA10.66. This
situation can be explained due to intrinsic relative positioning uncertainty of the single
(a) (b) (c)
Figure 4.2: Contour plots of the measured Bz component of the magnetic field of the CSMA10.66 (a) and
CSM10.66 (b) in comparison with the analytic solution for a CSM10.66 (c) at a distance of 3mm away
from the surface of the magnet. The magnetic field was measured using a 3D Hall probe with a 1mm
resolution.
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rectangular magnets during to the process of bonding into a cross-shaped form. Hence,
a single magnet in a cross-shaped form (CSM) was selected for the multicomponent
measurements at the continuous caster model (section 5.7).
4.2 Experimental set-up
The ILMET facility (Ilmenau Liquid METal Channel) is a liquid metal loop that
consists of stainless steel pipes and a plexiglass test section filled with the low-melting
alloy GaInSn in eutectic composition. The material properties and dimensionless pa-
rameters are summarized in table 4.2. A sketch of the set-up is depicted in figure
4.3. An electromagnetic pump drives the working fluid and the flow rate is mea-
sured by a commercial inductive flowmeter (Krohne Altoflux IFS 6000). Just be-
fore the liquid metal enters the test section, it flows across a honeycomb (Dh = 3mm,
length= 160mm) that works as a hydraulic resistance generating a typical turbu-
lent flow profile. The test section is a plexiglass rectangular duct (50mm×50mm,
wall thickness= 5mm) which is connected to the steel pipes through flexible bellows.
Their task is to isolate the duct from vibration or noise coming from the pump during
experiments.
The force measurement system is composed of an interference optical force sensor
(IOFS) and a small-size magnet system. In this thesis, these two systems (IOFS +mag-
net system) altogether are referred as the 1D-L2F2 (1D local Lorentz force flowmeter).
The IOFS has a quartz glass as deformation body and the deflection is measured by
a high-resolution laser interferometer [14, 13]. The deformation is resolved with an
(a) (b)
Figure 4.3: (a) Experimental facility ILMET. (b) 1D-L2F2 and plexiglass duct at the starting point of
the measurements. The positioning system (not shown) moves vertically the magnet (green arrow) in
predefined steps until reaching the top wall.
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Table 4.2: Material properties of GaInSn and dimensionless parameters.
Property Range Description
σl 3.46 ·106 S/m Electrical conductivity
ρ 6.36 ·103 kg/m3 Density
ν 3.4 ·10−7m2/s Kinematic viscosity
lc 25mm Characteristic length (half height of the duct)
u 9.5cm/s Characteristic velocity (mean velocity)
B ≈ 0.065 . . .0.193T Bz at z= 5 . . .11mm
Re= ulcν ≈ 7000 Reynolds number
N = σlB
2lc
ρu 0.6 . . . 5.3 Interaction parameter
Ha=
√
NRe 65 . . . 193 Hartmann number
internal resolution of 0.1nm. Then, the deformation is converted into forces according
to the calibration of the device that also takes into account the influence of the temper-
ature on the refracting index of the air and on Young’s modulus [42]. At experimental
conditions, the IOFS reaches a resolution of 0.3µN in the case of one 10mm cubic
magnet [17]. The sampling frequency of the measurements is about 6.24Hz after us-
ing the digital filter 5 (low pass filter) from the interferometer. The filter damps the
frequencies above the natural frequency of the force sensor. The 1D-L2F2 is mounted
on a positioning system fixed to a granite stone decoupled from the loop to avoid un-
wanted vibration during measurements.
4.3 Results
It was demonstrated by Heinicke [17] that, by applying local Lorentz force ve-
locimetry, it is possible to identify a cylindrical obstacle in the flow and to resolve the
wake behind it. These experiments where performed at ILMET and it was observed
a spatial resolution of at least 3cm with a 10mm cubic magnet. The goal of the first
series of experiments in this section is to replicate these results obtained by Heinicke
at the same range of Re= 7000 with and without obstacles in the flow for compari-
son. The resulting force profiles using the proposed magnet systems will show if there
is indeed a noticeable advantage regarding the resolution and strength of the Lorentz
force by using the proposed cross-shaped magnets. A sketch of the problem set-up is
depicted in figure 4.4. Here, κ represents the distance between the outer surface of the
magnet and the liquid metal. κ will be used afterwards for characterizing the decay of
the Lorentz force along the z-direction.
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(a) (b) (c)
Figure 4.4: GaInSn turbulent flow without (a) and with cylindrical obstacles (b,c) inside the duct. The
obstacles are two non-conducting cylindrical bars with dimensions D1 = 10mm (b) and D2 ≈ 22mm
(c). The 3 magnet systems taken into consideration are shown at the beginning of the experiments
(y=−lc =−25mm): CUB10 (a), CSM10.66 (b) and CSMA10.66 (c). The center of the obstacles as well
as the center of the magnets systems are located on the z− y plane.
The center of the permanent magnet is placed at the beginning of each experiment
at the bottom of the duct y=−25mm (y∗ =−1). Its outer surface is facing and almost
touching the wall at z= 0mm (figure 4.4(a)). An air gap of about 0.4mm between the
surface of the magnet and the surface of the duct is maintained constant in order to
avoid damaging the force sensor while traversing. Then, the magnet is moved upwards
to y= 25mm (y∗ = 1) in 2.5mm steps. In each step, the average value of the force
is taken in 50 seconds obtaining information on the local velocity of the liquid metal
inside the duct. Finally, the distance between the outer surface of the magnet and the
test section is increased from z= 0mm (κ = 5mm) to z= 6mm (κ = 11mm) with a
1mm step size. The results are presented in figure 4.5.
According to figure 4.5, the measured Lorentz force using the proposed magnet
systems is stronger than the one obtained by Heinicke due to their higher magnetiza-
tion. However, no noticeable difference was observed between the measured Lorentz
forces using the cross-shaped magnets in comparison with the reference cubic magnet.
There is still also some discrepancy in the value of the force at the bottom and top of
the duct which is expected to be the equal. The higher force at the top of the duct could
have been caused by the slight misalignment of the set-up; the magnet is closer to the
liquid metal at the top than at the bottom of the duct (∆z≈ 0.2mm). Appendix C (C
Uncertainty analysis) will discuss the uncertainty of the measurements and a detailed
analysis of its major contributions. The estimated uncertainty is around 13% of the
measured forces.
Figure 4.6 depicts the decay of F with the distance κ . The results in this figure
are given for y= 0mm in order to avoid a possible influence of the top and bottom
insulating walls on the solution. The force generated by the cross-shaped magnets
presents similar decay, where F ∼ (κ + lmag/2)−2.87 and F ∼ (κ + lmag/2)−2.91 for
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(a) (b)
(c) (d)
Figure 4.5: Lorentz force profiles in y- and in z- directions using the CSM10.66 (a), CSMA10.66 (b) and
CUB10 (c). The center of the magnets moves from the bottom (y
∗ =−1) to the top (y∗ = 1) of the duct.
A comparison between all magnets at κ = 5mm is shown in (d).
(a) (b)
Figure 4.6: (a) F vs κ for the CUB10, CSMA10.66 and CSM10.66. (b) log-log plot illustrating the decay
of F with the distance κ + lmag/2.
the CSMA10.66 and the CSM10.66, respectively. In the case of the CUB10, the decay
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(a) (b)
Figure 4.7: (a) Comparison between CUB10, CSMA10.66 and CSM10.66 with a 10mm electrically in-
sulating obstacle inside the duct. As reference, the results by Heinicke [17] using a 1.3cm obstacle
are also plotted. (b) Comparison between CUB10, CSMA10.66 and CSM10.66 with a 22mm electrically
insulating obstacle inside the duct.
of F was less pronounced having F ∼ (κ + lmag/2)−2.79. According to the numerical
model from section 5.3.2, the expected decay of F for the all magnet systems should
be the same or at least similar. It appears that the unexpected faster decay of the force
generated by the cross-shape magnets would have been caused by a possible stronger
influence of the top and bottom insulating walls of the duct or by different volume
subsets of the flow spanned by the magnetic field.
In the case of the experiments with insulating cylinders immersed in the duct (fig-
ure 4.7), there were inconclusive results. For example, the measured Lorentz force was
the strongest using the CSM10.66 with the 10mm obstacle, whereas in the case with the
22mm obstacle it was the weakest. In these experiments the uncertainty increases as
there is a new contribution due to the inexact position of the center of the magnet with
respect to the center obstacle in the streamwise direction (∆x ≈ 1mm). Additionally,
the effect of the insulating walls should be also consider as the top and bottom walls of
the duct are not sufficiently away from the magnetic field generated by the permanent
magnets.
4.4 Conclusions
A visible improvement of the magnitude and spatial resolution of the force was not
observed by using the proposed cross-shaped magnets in comparison with the refer-
ence 10mm cubic magnet. Possible causes of these results may be explained owing to
the rapid decay of the magnetic field with the distance. The effect of the cross-shaped
geometry of the magnet systems is negligible for distances larger than κ > lmag/2 as
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it will be shown later in section 5.2. Despite these results, we cannot conclude if
there is or not any advantage by using cross-shaped magnets in comparison with cubic
magnets. As explain before, the uncertainty of the measured Lorentz force increases
considerably when the entire set-up is readjusted for a new series of measurements us-
ing a different magnet system. In view for answering this question, a numerical model
was developed. It consists on an electrically conducting disk which rotates in front of
the proposed permanent magnet systems. This numerical model is described later in
section 5.3.
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Chapter 5
Multicomponent local Lorentz force
velocimetry
This chapter focuses on multicomponent local LFV that consists on simultaneous
sensing of all three force and three torque components acting on a magnet system. It
will be discussed which information regarding the flow structure of the liquid metal
can be inferred based on discrete distributions of local force and torque measurements
across a given plane. The experiments were done at the continuous caster model,
namely the mini-LIMMCAST facility, where the working fluid is GaInSn in eutectic
composition. Two permanent magnet systems were considered in the experiments: a
15 mm cubic magnet and a cross-shaped magnet. The magnet systems are connected to
a multicomponent force/torque sensor which has been specially designed for measur-
ing all three force and three torque components in the range for local LFV applications.
The system composed of the multicomponent force/torque sensor and the magnet sys-
tem is called six-degrees-of-freedom local Lorentz force flowmeter (6D-L2F2).
According to equation (2.14), the value of the torques depends on the reference
coordinate system. Hence, it is crucial to know the position of the center of the magnet
system with respect to the sensor’s coordinate system for an accurate torque measure-
ment. For this purpose, a dry calibration procedure has been developed that solves
this issue. Additionally, it can give a rough estimate of the calibration factor that re-
lates the measured force and the value of the velocity of the liquid metal near the wall
next to the magnet. For the dry calibration as well as for the experiments at the mini-
LIMMCAST facility, numerical models have been developed for a deeper insight into
the relationship between the measured local forces/torques and the information of the
velocity field of the liquid metal. Some results in this chapter have been already pub-
lished in the second, third and fourth references of the author’s publication list and the
other ones will be published in the fifth reference (Appendix: A List of publications).
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This chapter is structured as follows: section 5.1 presents the 6D-L2F2 followed
by the description of the magnet systems in section 5.2. Section 5.3 focuses on the
concept of dry calibration for multicomponent local LFV based on a numerical model.
Then, section 5.4 begins with the description of the experimental set-up at the mini-
LIMMCAST facility and it will then go on with the numerical model of the experi-
ments in section 5.5. Then, sections 5.6 and 5.7 present the experimental and numeri-
cal results using the cubic and the cross-shape magnet, respectively. Section 5.8 gives
an estimate of the spatial resolution of different magnet systems based on the numer-
ical model of the experiments at the mini-LIMMCAST facility. Finally, section 5.9
gives a summary of the main conclusions.
5.1 Multicomponent local Lorentz force flowmeter
The multicomponent/six-degrees-of-freedom local Lorentz force flowmeter (6D-
L2F2) is composed of a multicomponent force/torque sensor and a magnet system.
For the simultaneous multicomponent force and torque sensing in local LFV, the sen-
sor has to be capable of measuring forces and torques acting on a permanent magnet in
the range of mN and µNm, respectively. A reliable simultaneous measurement of these
qualities in this range is a challenging task and such a device is not commercially avail-
able. Hence, a high-precision multicomponent force/torque sensor depicted in figure
5.1(a) was designed by the Institute of Process Measurement and Sensor Technology
(a) (b)
Figure 5.1: (a) Sensor consisting of six parallel springs with sensor coordinate system and parameters
of flexure hinges [47]. (b) Six-degree-of-freedom force/torque sensor with permanent magnet attached
to the force-feed-in for the use in multicomponent local Lorentz force velocimetry [47].
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Resolution ±19 ·10−6N ±1.4 ·10−6Nm
Sensitivity 0.51mV/V/N 6.8mV/V/Nm
Eigenfrequencies 73Hz...119Hz 176Hz...284Hz
Maximum deformation ±0.37mm ±5.5 ·10−3 rad
at the Technische Universita¨t Ilmenau [43, 11]. Its parameters are summarized in table
5.1. The metrological parameters on this table were obtained by the experimental cal-
ibration procedure described in [48].
The sensor is composed of a monolithic structure of aluminum that consists of six
parallel spring mechanisms. When a force or a torque is applied on the force-feed-in of
the sensor, the deformation of the spring mechanisms is measured using strain gauges
in form of full-bridge circuits. The output signals of the strain gauges are amplified
and then digitalized up to 50kHz per channel. The multicomponent forces and torque
sensor has an overload protection system for the force-feed-in and is enclosed inside
an acrylic glass housing (figure 5.1(b)). The eigenfrequencies from table 5.1 can be
slightly shifted when using magnets with different mass than the one used in the modal
analysis. Additionally, due to the damping effect of the liquid metal, we will actually
see the so-called damped eigenfrequencies in the measured signals.
5.2 Magnet systems
A cubic permanent magnet (CUBlmag) and a cross-shaped magnet (CSMlmag) were
selected for the experiments at the mini-LIMMCAST facility (figure 5.2). As already
explained in chapter 4, the subscript of the names of the magnets systems corresponds
to their characteristic length lmag. The definition of this lmag will be explained further in
the present section. The CUBlmag has a side edge ls and the CSMlmag is composed of five
cubic magnets with the same side edge. For the CUBlmag , there is an analytic solution
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Figure 5.2: CUBlmag with side length ls and CSMlmag composed of five cubic magnets (side length ls).
(a) (b)
Figure 5.3: Decay of Bz (a) and dBz/dz
∗ (b) along z∗ for both CUBlmag and CSMlmag .
When z= 0, it follows from (5.1) that the maximum value of Bz along z is
































It follows from (5.1) and (5.3) that the decay of Bz along the z-direction for cubic
magnets can be described by the side edge ls, which corresponds to the characteristic
length lmag = ls of the magnet (figure 5.3(a)). In the general case, lmag can also be de-
fined in the same way for the CSMlmag as the point in which Bz(z= lmag)≈ 0.104Bmax
along the z axis. In the case of cubic-magnet-composed CSM, lmag ≈ 2.078ls. Once
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(a) (b)
Figure 5.4: Isolines defined by Biso (blue) at different values of z
∗ for the CUBlmag (a) and the
CSMlmag (b). For comparison, a spherical cap (red) with height h
∗
cap = z
∗|x∗=0 and radius of the base
a∗cap = x∗|z∗=0 is plotted for each Biso-isoline.
(a) (b) (c)
(d) (e) (f)
Figure 5.5: (a) Bz/Br in the x− y plane for the CUBlmag at z∗ = 1/4 (a), z∗ = 1/2 (b) and z∗ = 1 (c).
Bz/Br in the x− y plane for the CSMlmag at z∗ = 1/4 (d), z∗ = 1/2 (e) and z∗ = 1 (f).
lmag is defined, both magnet systems exhibit the same characteristic decay of Bz (as
well as dBz/dz
∗) as a function of the normalized distance z∗ = z/lmag (figure 5.3).
Let us now try to determine the size of the volume that is contained under





2. The isolines according to Biso are de-
fined in the range 0.25≤ z∗ ≤ 2 and the results for the symmetry plane z− x are
shown in figure 5.4. An approximation of this volume is given by a spheri-
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cal cap with height h∗cap = z∗|x∗=0 and radius of the base a∗cap = x∗|z∗=0 for each
Biso-isoline, where x
∗ = x/lmag. According to figure 5.4, the spherical-cap as-
sumption gives a relatively good approximation of the volume contained under
a given Biso-isoline for z
∗ ≥ 0.25. The values a∗cap can be in this case ap-
proximated as follows: a∗cap ≈ 0.00062(z∗)2+0.79z∗+0.38 for the CUBlmag and
a∗cap ≈ 0.023(z∗)2+0.61z∗+0.62 for the CSMlmag in the range 0.25≤ z∗ ≤ 5.
Now let us consider the characteristic decay of Bz in the x−y plane at different val-
ues of z∗ (figure 5.5). In this case Bz is normalized by the remanent magnetization of
the magnet Br. According to figures 5.5(b) and 5.5(e), Bz does not longer exhibit a pro-
nounced non-axisymmetric distribution regarding both magnet systems for z∗ > 1/2.
The developed numerical model from section 5.5 was used to predict the expected
magnitude of the torque Tz perpendicular to the mold of the mini-LIMMCAST fa-
cility using a CSM. The conclusion was that the size of the CSM should be at least
ls = 15mm (lmag = 31.17mm). In this case, the expected magnitude of the torque Tz at
the mini-LIMMCAST facility is in the measuring range of the 6D-L2F2. The geome-
try and parameters of the magnet systems used in the experiments in this chapter are
summarized in table 5.2.
Table 5.2: Parameters of the permanent magnets.
Parameter CUB15 CSM31.17
lmag 15mm 31.17mm
Volume 153mm3 5 ·153mm3
Grade N48 N52
Br 1.357T 1.43T
Mz 1.080 ·106A/m 1.138 ·106A/m
Bz(z= 0) 0.62T 0.46T
5.3 Dry calibration
As it has been already mentioned in section 2.3.1, LFV has in general the disadvan-
tage that a calibration factor Kv has to be determined beforehand in order to obtain the
corresponding flow rate or local velocity from a force measurement. However, multi-
component local LFV has an additional challenge in comparison with the traditional
Lorentz force flowmeter: one needs to identify accurately the position of the center
of the magnet system with respect to the coordinate system of the force/torque sensor.
When this position is unknown, it is not possible to have an accurate measurement of
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the torques acting on the magnet system. Additionally, there are no analytical, numeri-
cal or similar experimental works previous to the ones treated on this thesis from which
a prediction of the magnitude or behavior of Tz in liquid metal could be performed. Tz
is the torque component pointing in the same direction of magnetization of the magnet.
According to section 5.6, Tz was not accessible at the first experimental campaign at
the mini-LIMMCAST facility using the CUB15. These results have left the following
open questions regarding this torque Tz which is orthogonal to the surface of the mold:
(i) what is its order of magnitude?, (ii) can this torque be measured in liquid metals
with the 6D-L2F2?, (iii) which information regarding the flow distribution does this
torque represent? Before performing new series of experiments using different magnet
systems at the mini-LIMMCAST facility, a dry calibration procedure is proposed in
which the flowing liquid is replaced by a moving solid (see figure 5.6). Here, the mov-
ing solid is a rotating disk made of aluminum whose velocity field is fixed and steady,
and therefore, known. Hence, the variability and the noise of the measurements are
considerably decreased providing an accurate calibration of the system. This allows us
to find the center of the magnet on which the torques and forces originating from the
liquid act.
The concept of a permanent magnet in front of an electrically conducting rotating
disk was used in the past for velocity measurements in eddy current velocity indica-
tors. This idea was patented in 1903 by Otto Schultze in his work ”Improvements in
Speed Indicators” [49], in which his invention was connected to the part of the machine
whose velocity one wants to measure. The measured torque is proportional to the ro-
tation velocity of the disk. However, it is not entirely clear what would be the behavior
Figure 5.6: Dry calibration of the 6D-L2F2. Test principle: a permanent magnet system is placed in
front of an electrically conductive disk which rotates at a constant angular velocity ω0. In the figure, the
cross-shape permanent magnet CSM10.66 is shown and its center is placed at (0,−50mm). The surface
of the magnet is at a distance κ away from the disk.
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of this torque when the permanent magnet is considerably smaller than the disk like in
local LFV. In the following sections it is shown that this torque is constant across the
surface of the disk except near the edge and proportional to the angular velocity. The
magnet systems used in the numerical model are the CSM10.66 (or CSMA10.66) and the
CUB10 from section 4.1.
5.3.1 Numerical model
A permanent magnet system is placed in front of an electrically conducting disk
with conductivity σdisk at a distance κ . The geometry of the disk is the same as the one
used for the calibration procedure of the 6D-L2F2 with the CSM31.17 (section 5.3.5).
The velocity field of the rotating disk shown in figure 5.6 is
~u= ω0~ez×~r, (5.4)
where the vector ~r = x · ~ex+ y ·~ey denotes the position. From introductory books of
fluid dynamics [29], it is known that the vorticity of the velocity field for a solid-body
rotation
ωz = (∇×~u) ·~ez = 2ω0 (5.5)
is constant in every point of the disk and proportional to the angular velocity ω0. First
(2.11) is solved for insulating boundary conditions and then ~j, ~F and ~T are obtained
through (2.10), (2.13) and (2.14), respectively. Here, the torques are calculated at the
center of the magnet system. The mesh is composed of about 1.62 ·105 non-uniform
second-order hexahedral elements (1.33 ·106 DoF) that take into account the decay of
the magnetic field with the distance in the axial direction of the disk.
5.3.2 Results
The following parameters were considered in the present numerical model:
ω0 = 1Hz, σdisk = 24.5MS/m, κ = 1 . . .5mm. Here, the CSM10.66 scans the surface
of the disk from (x=−50mm, y=−50mm) to (x= 50mm, y= 50mm) with a grid
resolution of 5mm and κ = 3mm. It is observed that the force is tangential and grows
linearly with the distance from the center (figure 5.7(a)), whereby it decreases sig-
nificantly and decays to zero outside the disk. According to figure 5.7(b), the torque
component perpendicular to the surface of the disk Tz is indeed constant in a region
sufficiently away from the rim. By comparing the value of Tz for the CSM10.66 and
CUB10 magnet systems, figure 5.7(c) shows that there is an important increase of about
9 times higher torque by using the CSM10.66 in the region with constant Tz. However,
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(a) (b)
(c)
Figure 5.7: Contour plots regarding Fxy (a) and Tz (b) for the CSM10.66. The vector and contour plots
in (a) were calculated based on Fx and Fy, where the contour plot corresponds to the magnitude and the
vectors to the direction of the total force at the position of the center of the magnet (x0,y0). The torque
component perpendicular to the surface of the disk Tz (b) is constant in the region where the magnet is
sufficiently far away from outer boundaries. (c) Torque componentTz acting on the CSM10.66 and CUB10
magnet systems from (0,−50mm) to (0,50mm). The torque Tz is proportional to the angular velocity of
the disk and constant in the region between y0 ≈ -20mm. . . 20mm. The CSM10.66 experiences around 9
times higher torque than the 10 mm cubic magnet. Parameters: CSM10.66 and CUB10, ω0/2pi = 1Hz,
κ =3mm.
its magnitude (0.53µNm) is still smaller that the measuring range of the 6D-L2F2 for
ω0 = 1Hz. Nevertheless, as Tz is proportional to ω0, higher rotation frequencies can
be used in future calibration experiments. In the case of higher angular velocities, the
magnet system should be placed near the center of rotation of the disk in order to avoid
finite Rm effects by high relative velocities.
Owing to the rapid decay of magnetic fields, the magnitude of the forces and
torques are strongly sensitive to the distance between the magnet and the flowing liq-
uid metal or moving electrically conducting solid. According to (2.16) and (2.17), the
force scales∼ κ−3dip and the torque∼ κ−2dip for a magnetic dipole, where κdip denotes the
distance between the dipole and a semi-infinite moving plate (see section 2.2). How-
ever, this scaling factors may differ when the permanent magnets are very close and
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Figure 5.8: Decay of the force component Fx (a) and the torque components Ty (c) and Tz (e) for the
CSM10.66 and CUB10 as a function of κ at (0,10mm). log-log plots illustrating the decay of Fx (b), Ty
(d) and Tz (f) with the distance κ + lmag/2.
non-axisymmetric magnetic field distributions are applied on the solid. Therefore, the
effect of κ variations on the forces and torques acting on the magnet are also inves-
tigated in the present numerical model. In this sense, the CSM10.66 and CUB10 are
placed at (0,10mm) in the y-axis in order to have a value of Tz and a single force Fx in
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the x− y plane, whereby a torque Ty is also additionally induced. Then, the distance
between the surface of the magnet and the disk κ is increased from 1mm to 5mm in
0.5mm steps. Figure 5.8 summarizes the results for the corresponding decay of Fx, Ty
and Tz as a function of κ for the CUB10 and the CSM10.66. A fitting model is suggested
for a quantitative assessment of this decay
C f it = a · (κ + lmag/2)b, (5.6)
where Cfit corresponds to the force or torque value, and a and b to the model parame-
ters, respectively. Here, lmag = 10.66mm and lmag = 10mm for the CSM10.66 and the
CUB10, respectively. lmag for these magnet systems was obtained following the pro-
cedure previously explained in section 5.2. According to the fitting model, the force
Fx and the torques Ty and Tz scale with the distance κ + lmag/2 as ∼ (κ + lmag/2)−2.92,
∼ (κ + lmag/2)−1.90 and ∼ (κ + lmag/2)−9.41 for the CSM10.66, respectively. In the
case of the CUB10, the force Fx and the torques Ty and Tz scale with the distance
κ + lmag/2 as ∼ (κ + lmag/2)−2.91, ∼ (κ + lmag/2)−2.09 and ∼ (κ + lmag/2)−9.54. The
decay of Tz is approximately 5 times stronger than Ty, which appears to be the least
sensitive component with respect to κ variations. Despite the fact that the decay of
Fx, Ty, and Tz is similar for both magnet systems, the force component Fx and the
torque component Tz are stronger due to the non-axisymmetric magnet field distribu-
tion, whereas the Ty component was weaker. The reason of the more rapid decay of
Tz is due to the strong dependence of the non-axisymmetric magnetic field distribution
of cross-shaped magnets on the distance. As already shown in section 5.2, the non-
axisymmetric magnet field distribution of a CSM or a CUB is in general not highly
pronounced for κ > lmag/2 and is almost totally axisymmetric for κ > lmag. In figure
5.8 it can be observed that there is no noticeable difference regarding Fx, Ty and Tz
between both magnets systems for κ > lmag/2.
In conclusion, an optimal magnetic field distribution in the disk is needed for mea-
suring the torque Tz acting on the magnet system. An axisymmetric magnetic field on
the disk does not favor the generation of the Tz component, as it has been observed in
the present numerical model. This statement is confirmed analytically in the next sec-
tion. Therefore, when the magnet is sufficiently away from the surface of the disk, the
field approaches an axisymmetric shape that does not provide an axial torque compo-
nent Tz. In the numerical study it is confirmed that, by using a cross-shaped permanent
magnet system, the torque Tz perpendicular to the surface of a rotating disk is consider-
ably higher in comparison with a reference cubic permanent magnet. This torque can
provide information on the local curl of the velocity field, which for a rotating disk is
constant and proportional to the angular velocity.
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5.3.3 Two-dimensional limit
The analytical model in this section is the result of private communication with
Thomas Boeck (TU Ilmenau). A particular feature of the velocity field (5.4) is that
the curl of the electromotive force ~u× ~B0 is curl-free. This can be shown by direct
calculation of ∇× (~u×~B0) using ∇ · ~B0 = 0 and ∇× ~B0 = 0. The result is
∇× (~u× ~B0) = ∇(ω0~ez · (~B0×~r)). (5.7)
Since the curl of the current density ~j differs from (5.7) only by the prefactor σl , it
follows that ∇×~j is also curl-free, i.e.
∇× (∇×~j) = ∇(∇ ·~j)−∇2~j = 0. (5.8)
Because ∇ ·~j = 0, it follows from (5.8) that each component of the current density
satisfies the Laplace equation, in particular, the axial component jz. On the surfaces
z= const of the disk we have jz = 0 as boundary conditions. At the (outer) rim of the
disk there can be a component jz. However, this component should become negligi-
ble when the magnet is sufficiently far away from it such that there is no significant
electromotive force at the rim. In this case, jz satisfies the Laplace equation with ho-
mogeneous Dirichlet boundary conditions. The solution is then jz = 0 throughout the
disk, i.e. the current density is strictly two-dimensional.
When this limit applies, one can represent the solenoidal current density by a
stream function ψ(x,y), i.e.
~j = ∇×ψ(x,y)~ez. (5.9)
With this representation it then follows from Ohm’s law that






= σdiskω0 [~ez · (~r×∇)]Bz. (5.10)
This two-dimensional Poisson equation depends parametrically on z. On the outer
boundary the current density is tangential to the rim, i.e. the rim is a streamline
ψ = const.
The effects of magnet position are fairly obvious in the two-dimensional formula-
tion when the disk has infinite radius. Assuming that the center of the magnet is at
~r0 = (x0,y0,z0), one can decompose the right-hand side of eq. (5.10) as
σdisk [ω0~ez · ((~r−~r0)×∇)]Bz+σdisk [ω0~ez · (~r0×∇)]Bz, (5.11)
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where the first term corresponds to a rotation about~r0 and the second one to a trans-
lation with velocity ω0~ez×~r0. The solution of (5.10) is then a superposition of the
current distributions corresponding to a rotation and a translation, respectively. The
translation can be decomposed further into a translation along x and one along y. In








where ψ(r) is the solution for a pure rotation about z and ψ(x), ψ(y) are solutions for
pure translations along x and y, respectively.
From the decomposition (5.11) it is obvious that an axisymmetric magnetic field
(about the z-axis) does not generate a contribution ψ(r) since the axial field component
is then given by Bz(
√
(x− x0)2+(y− y0)2), whereby the source term cancels. For
symmetry reasons, this contribution is the only source of axial torque. A pure transla-
tion will only cause a drag force in the same direction. The translational contributions
ψ(x) and ψ(y) clearly differ by a rotation of coordinates through a right angle about the
z-axis. As a result of (5.12), the resulting planar force components satisfy
Fx =−ω0y0F(0)x , Fy = ω0x0F (0)y , (5.13)
where the value F
(0)
x corresponds to a translation with unit velocity along x, and F
(0)
y
to a translation with unit velocity along y.
This two-dimensional problem has been also implemented numerically based on
the stream function ψ . In this case we solve (5.10) for equidistantly spaced layers
z = const in COMSOL and compute the current and Lorentz force densities from ψ .
The total force and torque are obtained by subsequent summation of the contributions
from these layers.
5.3.4 Calibration factor
This section describes a method based on dry calibration for estimating the cali-
bration factor that relates the measured force in local LFV and the local velocity of the
liquid metal. A quantitative assessment of the magnitude of the velocity field u′ of the
liquid metal can be obtained by
u′ = Kliq ·F, (5.14)
where F is the magnitude of the measured force component and Kliq the calibration
factor. However, one of the biggest difficulties in local LFV is that Kliq does not only
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strongly depend on the distance between the permanent magnet and the liquid metal,
but also on the velocity distribution near the wall spanned by the magnetic field. Let’s
say that in two points of the measuring grid the force F is the same. It may occur,
however, that in the first point the velocity is lower but closer to the wall, whereas in
the second point the velocity is higher but located deeper in the liquid. This situation
will be later discussed in section 5.6.1, where it is shown that this uncertainty can
be decreased by comparing simultaneously the distributions of force and torque. In
application, the velocity field in a given set-up is unknown and we need to define Kliq
a priori for not only to have a qualitative but also a quantitative assessment of the
magnitude of velocity of the liquid metal. In this sense, the dry calibration idea can be





where Kdisk and σdisk are the calibration factor and conductivity of the disk, respec-
tively. Kdisk is the ratio of the velocity field in the disk to the force acting at the center
of the magnet at (x0,y0). The position of the center of the magnet is sufficiently away
from the rim of the disk in which the force is proportional to the radius~r. An example
of this procedure is given in section 5.6.2.
5.3.5 Calibration set-up
The dry calibration concept was developed after the experiments at the mini-
LIMMCAST facility using the CUB15 (section 5.6). Therefore, the dry calibration
procedure was experimentally done only for the CSM31.17 attached to the multicom-
ponent force/torque sensor for the second measurement campaign. The calibration
experiments were performed by Rafael Marangoni (TU Ilmenau) using the calibration
set-up shown in figure 5.9(a). The measurements of all force and torque components
were done by scanning an area of 8mm×8mm over the disk’s surface around the cen-
ter. Based on the Fx and Fy distribution (figure 5.9(b)) and due to the fact that Tz is
constant in this region sufficiently away from the rim of the disk, the exact position of
the magnet center with respect to the sensor’s coordinate system could be defined accu-
rately. After this calibration procedure, it is possible to measure the forces and torques
that act at the center of the magnet, specially Tz, which can be about two orders of
magnitude smaller than the other two torque components. More detailed information
of these experiments can be found in the fifth reference of the author’s publication list.
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(a) (b)
Figure 5.9: (a) Experimental set-up showing the CSM31.17, multicomponent force/torque sensor and
rotating disk. (b) Measured Lorentz force ~F acting on the CSM31.17.
5.4 Experimental set-up mini-LIMMCAST
The mini-LIMMCAST facility (LIquid Metal Model of continuous CASTing of
steel) is a model of a continuous caster available at Helmholtz-Zentrum Dresden-
Rossendorf. Continuous casting of steel is the casting process in which molten steel
solidifies into billets or slabs. Since decades, it has been the dominant casting technol-
ogy due to its advantages in terms of cost for large-tonnage operations. A sketch of a
continuous casting installation is depicted in figure 5.10(a). The liquid steel flows from
the ladle into the tundish, which acts as a buffer vessel or reservoir holding sufficient
material to provide a continuous liquid metal flow. From the tundish, the liquid steel
flows to the water-cooled copper mold through the submerged entry nozzle (SEN). The
casting speed, and therefore, the flow through the SEN is regulated by the position of
the stopper rod. In the mold, the liquid metal starts to solidify having a solid shell
of some centimeters in thickness while the interior is still liquid. The flow field in
the mold is critical in order to avoid flow-related problems like slag entrainment and
surface quality problems. The ideal flow structure in the mold is characterized by a
symmetric double-roll flow which has an inward flow at the meniscus as shown in fig-
ure 5.10(a). This type of flow field is desired as it guides the impurities and bubbles
to the free surface avoiding its intrusion into the solid steel [30, 75]. Therefore, the
quality of the molten steel depends strongly on the flow regime on the upper part of the
mold. A lot of effort has been invested on the understanding, measuring, simulating
and optimization of the process [60].
In the case of the mini-LIMMCAST facility (figure 5.10(b)), the working fluid is
GaInSn in eutectic composition whose electrical conductivity is 3.3 ·106±3 ·104S/m
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(a) (b)
Figure 5.10: (a) Schematic sketch of a continuous casting installation [74]. (b) Mini-LIMMCAST
facility with electromagnetic pump, tundish, SEN and mold together with positioning system and 6D-
L2F2 on granite stone [21].
at 20◦C [37]. In this set-up different flow phenomena have been investigated [56, 61]
as well contactless velocity measurement techniques for liquid metals [45, 73]. The
tundish is represented by a stainless steel cylinder which contains 5−6l of the melt.
The position of the stopper rod controls the flow of the liquid metal from the tundish
into the submerged entry nozzle (SEN). In the experiments, the stopper rod is lifted
about 20mm, which corresponds to an average flow velocity of 1.5ms−1 (0.12ls−1)
inside the SEN (Re= 4.4 ·103). From the outlet of the SEN, the liquid metal flows into
the acrylic glass mold which has a cross-section of 140mm×35mm (Re = 2.5 · 103
with lc being the width of the mold). The SEN is also made of acrylic glass and its
inner diameter is 10mm. At the bottom of the mold, the metal melt flows through
flexible tubes back to the collecting tank. Then, an induction pump drives the liquid
from the collecting tank back to the tundish. The level of the melt in the tundish is kept
constant by controlling the flow rate of the pump, thereby producing a steady flow in
the mold. The level of liquid metal in the tundish and in the mold is monitored by a
laser system and an ultrasonic distance sensor, respectively. The 6D-L2F2 was fixed
to a positioning system composed of a 3-axis linear stage which was mounted on a
granite stone. The stone is totally decoupled from the mini-LIMMCAST facility in
order to isolate the sensor from vibrations or noise from the pump during experiments.
5.4.1 Measurement procedure
In order to obtain a velocity assessment of the velocity field inside the mold, the
permanent magnet systems are placed in front of the wide face leaving an air gap of
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(a) (b) (c)
Figure 5.11: (a) z− y view of the mini-LIMMCAST facility presenting the CSM31.17 (magenta) whose
center is located at (x= 0mm,y= 0mm,z= 7.5mm), leaving an air gap of 1mm. The center of the
CUB15 as well as the center of the CSM31.17 in simulation and experiments are located at the same
points for comparison. Magnetic field distribution of Bz at z=−7.4mm for the CUB15 (b) and the
CSM31.17 (c). The magnetic field of the CSM31.17 exhibits a clear non-axisymmetric distribution which
is needed for the measurement of Tz.
(a) (b) (c) (d)
Figure 5.12: Sketch of the mini-LIMMCAST facility presenting the measuring grid and the location of
the CUB15 (a) and the CSM31.17 (b) (magenta) at the beginning (x= 0mm, y= 0mm) and at the end
of the experiment (x= 145mm, y=−160mm). Photo of the experimental set-up showing the magnet
systems CUB15 (c) and CSM31.17 (d) at the beginning of the experiment.
about 1mm (figure 5.11(a)). At the beginning of the measurements, the center of the
magnet was placed at (0mm,0mm) and then, the magnet follows a zig-zag move-
ment maintaining a step size of 10mm in the x- and in y-directions as shown in figure
5.12(a). When the magnet reaches 140mm, it takes an additional step of 5mm in order
to cover the entire width of the acrylic glass wall. According to this zig-zag move-
ment, the center of the magnet covers an area between (0,0) and (145,-160) having
in total 16×17= 272 measuring points. In each point from this measuring grid, the
time-average is taken from each of the three force and torque components in a time
slot of five seconds at a sampling frequency of 2 kHz. The selection of the time in-
terval of 5 seconds is a compromise between measurement time for averaging at each
position and the run time of the entire scan, during which the flow has to be stationary.
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In this case, a complete measurement across the entire measuring path takes around 2
h. In total, two measurements are carried out. First, a measurement is perform without
fluid flow in order to measure the local offset of the force and torque signals due to
ferromagnetic materials in the environment. Then, the mini-LIMMCAST facility op-
erates in continuous mode and the second measurement is performed. The final force
and torque distributions across the measuring path (Fx,Fy,Fz,Tx,Ty,Tz) are obtained
by subtracting the offset from the results of the second measurement with fluid flow.
The measurements in comparison with the numerical results are shown in section 5.6
and section 5.7 for the CUB15 and the CSM31.17, respectively.
5.5 Numerical model
As already explained in chapter 2, the numerical model of the experiments at the
mini-LIMMCAST facility is based on the low-Rm approximation of Ohm’s law for
electrically moving liquids and also on the premise that the flow is not affected by the
applied magnetic field (N < 1). The third and final assumption is that the velocity field
of the liquid metal in the mold is steady. In local LFV using a single multicomponent
sensor, the components of force and torque can only be measured for a single domain
of the flow at a time. In order to obtain a force or torque distribution, it is necessary
to scan the mold in a pointwise manner assuming a steady velocity field. Hence, if
the velocity field were not steady, it might be impossible to identify general patterns
of the flow based on the force or torque distributions across the wide face of the mold.
Fortunately, this assumption is appropriate for the mini-LIMMCAST facility as it was
observed in the first measurement campaign using the CUB15 (see section 5.6). Thus,
a simulated steady flow structured in the mold previously used in [74] is the source of
the velocity field ~u in the numerical model. Here, ~u was obtained from a CFD simu-
lation using the finite-volume solver OpenFoam and a k −ω turbulence model, which
was validated with UDV measurements. For this purpose just one quarter of the vol-
ume of the mold was meshed and solved for a steady state solution with pre-supposed
symmetries (half width of the mold in the z-direction and half length of the mold in the
x-direction).
In order to decrease computing time, just the upper part of the mold with height
h= 210mm is analyzed (in [74] h= 330mm). This height is sufficient to avoid the
influence of the bottom wall on the solution. Hence, the velocity field ~u is confined in
a rectangular mold with dimensions 140mm×35mm×210mm. Figure 5.13 shows
the streamlines of the velocity field inside the mold of the mini-LIMMCAST facility
based on~u. The sidewalls are electrically insulating as well as the top and bottomwalls.
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(a) (b)
Figure 5.13: (a) z− y and (b) x− y view of the velocity field streamlines inside the mold of the mini-
LIMMCAST based on ~u.
Here, the SEN is modeled as a part of the liquid metal but with |~u| ≈ 0ms−1, contrary
to experiments in which SEN is insulating. As the SEN is at a distance |z|>17.4mm
away from the surface of the magnet systems, the influence of its conductivity on the
solution is assumed negligible.
The mesh of the numerical model is composed of non-uniform second-order hex-
ahedral elements. The structure of the non-uniform mesh is defined by the following
parameters: number of grid lines along x, y and z, with Nx, Ny and Nz, respectively.
The grid lines due to Nx and Ny are uniformly distributed along their corresponding
axis, whereas the ones due to Nz are clustered in the z-direction near the wall next to
the magnet system. Regarding grid convergence, for Nx = 143, Ny = 157 and Nz = 60,
in comparison with Nx = 72, Ny = 79, Nz = 30, the error is less than 1%. The finer
mesh is used for the numerical model of the CUB15 and the CSM31.17 magnet systems.
In total we have about 1.35 ·106 elements, i.e 1.1 ·107 degrees of freedom. First, φ
is obtained by solving (2.11) for insulating boundary conditions. Then, ~j, ~F and ~T
are calculated using (2.10), (2.13) and (2.14), respectively. The forces and torques us-
ing the numerical model (F ′x , F ′y , F ′z , T ′x , T ′y , T ′z ) are given for the same points of the
measuring grid for comparison.
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5.6 Results using the CUB15
The numerical model is validated by comparing the distributions of the measured












z ) force and torque components
across the wide face of the mold for the CUB15 magnet system. The torques are cal-
culated at the center of the sensor’s coordinate system which is defined by calibration
and located at z= 48.5mm. The results are summarized in contour and vector plots,
where the contour plot shows the magnitude, e.g. Fxy = (Fx
2+Fy
2)1/2, and the vector
plot the direction of the two-component force and torque. In the case of the vector plot
based on Tx,T
′
x , and Ty,T
′
y , the values of Tx and T
′
x are plotted in y-direction and the val-
ues of−Ty and−T ′y are plotted in x-direction in order to obtain the expected double-roll
structure of the velocity field. For a better visualization of the results, equally-spaced
interpolated points between the measured and simulated data were introduced using
cubic splines. As a result of this step, x is now define from 0 to 145 and y from -160
to 0 with a grid resolution of 5mm resulting in a total of 990 points. This step is done
for all simulation and experimental results for both magnet systems presented further
in this chapter.
As a first comparison between the numerical results and the measurements, let
us focus on the torque component perpendicular to the mold Tz. According to figure
5.14, no correlation between T ′z and any pattern related to the velocity distribution of
the liquid metal could be identified in either experiments or simulations. According
to the numerical model, the expected torque in the z-direction using the CUB15 mag-
net system is T ′z < 0.2µNm, which is lower than the resolution of the multicomponent
force/torque sensor (±1.4µNm). Additionally, an important source of deviation is that
(a) (b)
Figure 5.14: Contour plots based on Tz (a) and T
′
z (b) in the x− y plane. The numerical results show that
T ′z < 0.2µNm, which means that the measured torque Tz might be noise due to positioning errors or a
possible temperature drift of the sensor rather than an actual torque measurement originated by the flow.
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(a) (b) (c)
(d) (e) (f)




y (d). Here, the contour plot
corresponds to the magnitude and the vectors to the direction of the local force. This same approach is




y (e). Perpendicular component of the force for experiments Fz (c)
and simulations F ′z (f).
the exact position of the magnet center with respect to the sensor’s center was not ac-
curately known, as there was no dry calibration a priori for this magnet (see section
5.3). Thus, Tz as well as Tx and Ty are calculated at the center of the sensor rather than
at the center of the magnet. The numerical model has shown that Tz is too small to be
measured using the current 6D-L2F2 connected to a 15mm cubic magnet, even with a
perfect alignment between the magnet and the liquid metal which is totally fulfilled in
simulations.











in figure 5.15. Here, the simulated forces and torques in the x− y plane show a fairly
good agreement with the experiments: the magnitude of the force and torques lies in
the same order of magnitude and the flow topology like the double-roll structure is
clearly identified (figures 5.15(a), 5.15(d), 5.15(b) and 5.15(e)). However, we have to
state some local discrepancies. For instance, the center of the vortices is shifted and the
vectors differ slightly in their local direction. A possible reason of this deviation could
be that the velocity field with predefined symmetries in simulationsmay diverge locally
in comparison with the experiments. We have to keep in mind that the flow regime in
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the mold is turbulent and some deviations in comparison with an ideal steady velocity
case are expected. Another important source of deviation is the position of the magnet
in relationship to the flow. In simulations, the magnet moves parallel and maintains a
constant air gap of 1mm between its outer surface and the surface of the mold. How-
ever, in experiments, there are always uncertainties in positioning due to the geometry
of the magnet, relative flatness of the surface of the mold, the air gap and relative angle
between the surface of the magnet and the mold. In experiments, the air gap between
these two varied from 1 to 2 mm. In order to quantify the degree of correlation between
the numerical and experimental results, the normalized 2-D cross-correlation with zero











Here, F and F ′ correspond to the value of the force or torque from experiments and
simulations, respectively, and F and F ′ to their mean values. Now, in order to estimate











F2i , (5.17, 5.18)
where RMS is the root mean square and n the number of points of the measurement
grid. The results of (5.16) and (5.17) are summarized in table 5.3.
Table 5.3: Values of γ and ε according to (5.16) and (5.17).
Fxy Fz Txy Tz
mN mN mNm µNm
RMS (sim) 3.05 0.62 0.16 0.02
RMS (exp) 2.70 0.98 0.14 54.03
ε 12% 57% 13% -
γ 85% 64% 87% -
According to table 5.3, Fz is the component that shows the lowest correla-
tion with γ < 65% and the highest deviation regarding its magnitude with ε >
50%. This situation can be explained using the data at the position (70,-140),
where the force components Fxy ≈ 4.9mN< F′xy ≈ 7.35mN (figure 5.15(a)), whereas
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(a) (b)
Figure 5.16: Contour and vector plots of the forces Fx,raw and Fy,raw (a) and torques Tx,raw and Ty,raw (b)
acting on the magnet. They correspond to the measurements of the force and torque components in x-
and y-directions without subtracting the value of the local offset.
|Fz| ≈ 1.8mN> |F′z| ≈ 0.13mN (figure 5.15(c)). It seems that the deviation of Fz in
this area, or in general the deviation of other components like Fx near the lateral walls,
can be attributed to more critical differences between the velocity distribution in simu-
lation and experiments or to higher positioning errors. However, in the case of F ′xy and
T ′xy, they both show good agreement with experiments having values of γ ≈ 85% and
ε < 15%.
One of the advantages of measuring the torques acting on the magnet is that they
appear to be less sensitive than the force components in the presence of ferromagnetic
materials in the environment. In the case of the measurements at the mini-LIMMCAST
facility, the vector plot of the force signal without taking the local offset into account
(figure 5.16(a)) is disturbed probably by the influence of ferromagnetic parts like the
driving motors of the positioning system. As a result, the component Fx,raw of the force
deviates considerably and we are not able to identify the four-vortex structure of the
velocity field inside the mold. On the other hand, in regard to the vector plot of the
torque signal, the results are very similar in comparison with the ones obtained in fig-
ure 5.15(b), where the local offset was subtracted from each measurement. The overall
magnitude of the torque raw signal deviates only by about 2 % in comparison with Txy
and the general tendency of the vector plot remains nearly identical.
To summarize, the double-roll flow structure of the velocity was clearly iden-
tified by either the force or torque signal, the latter being less sensitive to pertur-
bation in the environment due to ferromagnetic materials. Here, the force perpen-
dicular to the wall offered an insight into the velocity in this direction, whereas the
torque component aligned to this force was too small to be measured. Additionally,
77
5. Multicomponent local Lorentz force velocimetry
the numerical model the experiments at the mini-LIMMCAST facility has been pre-
sented and validated. It was possible to predict the expected behavior and magni-
tude of all force and torque components acting on the magnet. However, some force
and torque components present higher deviation in comparison with the experimen-
tal results, specially Fz and Tz, but the general tendency like the double-roll structure
and the magnitude and distribution of the force and torque components in the x− and
y−directions showed good agreement. By comparing the numerical and experimen-
tal results, we can conclude that the interaction parameter N is smaller than one. For
its estimation according to (2.6), we use the root mean square of the velocity field in
the mold RMS(|~u|) ≈ 0.18ms−1 and the maximum value of Bz ≈ 0.1T at a distance
of 4mm inside the liquid (z=−11.4mm). In this case, N ≈ 0.33 for lc = 11.4mm,
ρ = 6.33 ·103kgm−3, B= 0.1T and u= 0.18ms−1.
5.6.1 Torque-to-force ratio
According to figure 5.15(a) and 5.15(b), it has been observed that the relative
magnitude of the torque differs slightly locally when comparing with the relative
magnitude of the force. For example at the point (130,-140), Txy/max(Txy)≈ 0.81
and Fxy/max(Fxy)≈ 0.97, as well as in simulations T ′xy/max(T ′xy)≈ 0.77 and
F′xy/max(F′xy)≈ 0.81. The hypothesis for explaining this behavior is based on (2.14),
where the magnitude of the torque depends on the distance between each element of
the fluid and the magnet. Hence, it may provide additional information regarding the
velocity of the liquid metal such as an assessment of its distribution in z-direction.
Let’s assume that in two points, 1 and 2, the magnitude of the force is the same F1 = F2
but the magnitude of the torque is different T1 < T2. For a qualitative analysis, let’s
consider two dipoles with dipole moment m~ez in front of a semi-infinite conducting
layer. A sketch of the considered problem is shown in figure 5.17.
(a) (b)
Figure 5.17: (a) Dipole at a distance κdip,1 away from a semi-infinite layer (L≫ κdip,1,d≫ κdip,1) with
velocity u1. (b) Dipole at a distance κdip,2 away from a semi-infinite layer with velocity u2.
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The first dipole is at a distance κdip,1 and the second one at a distance κdip,2 away
from a moving layer with velocity u1 and u2, respectively. According to (2.16), the










































where T1 = F1 ·κdip,1 and T2 = F2 · κdip,2. From (5.19), (5.20), (5.21) and (5.22), it
follows that when F1 = F2 and T1 < T2, then u1 < u2 and κdip,1 < κdip,2. If we face this
similar situation at the mini-LIMMCAST facility, we can therefore infer that for F1, the
volume subset of the fluid that contributes mainly to the Lorentz force is located next
to the wall. In the case of F2, due to relative higher velocities in the middle of the mold
at some points of the measuring grid, the volume subset of the fluid that contributes
mainly to the force signal is located deeper in the liquid.
Figure 5.18(a) depicts Txy as a function of Fxy for each point of the measuring grid
(including the interpolated points) and we see clearly the same effect. There are points
that share the same value of Fxy but different values of Txy. According to figure 5.18(b),
the same tendency in simulations can be observed but the effect is less pronounced. For
a deeper analysis of the results, the points are separated by a black line that corresponds
to a linear regression through the origin. Then, we calculate the value k and k′ which





corresponding black fitting line: if the point is located on top of the line k > 0 and
k′ > 0 and vice versa. The results for k and k′ are summarized in figure 5.18(c) and
5.18(d) for experiments and simulations, respectively. Let us focus first on the area
below y≈−100mm of the mold. Here, we can see that most of the points where
k < 0 are located near the lateral walls, whereas the points where k > 0 are located at
x≈ 50 . . .100mm. Regarding k′, it shows the same behavior in that region of the mold,
but above y≈−100mm, the deviation of k′ in comparison with k is higher . This
deviation might be due to the electrical conductivity of the SEN. According to chapter
3, the Lorentz force is stronger when the electrical conductivity of the wall increases
and this might have an influence on k′.
Now, let us focus on 3 characteristic points (70,-135), (125,-100) and (125,-150)





results are summarized in table 5.4. Here, it is shown that the ratio T ′xy/F′xy is not
constant: its maximum value is at (125,-100) and its lowest at (125,-150). If the earlier
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(a) (b)
(c) (d)
Figure 5.18: Txy as a function of Fxy from experiments (a) and T
′
xy as a function of F
′
xy from simulations
(b). The black lines corresponds to a linear regression through the origin, where Txy = 0.0505Fxy and
T ′xy = 0.0532F′xy. In both experiments and simulations Txy ∼ Fxy, although they appear to tend two
different slopesmwhich are more pronounced in experiments (mred = 0.0673m,mcyan = 0.0425m) than
in simulations (mred = 0.0546m, mcyan = 0.0512m). Distribution of k (c) and k
′ (d) in the x− y plane.
k and k′ represent the vertical distance between each blue point from (a) and (b) and the corresponding
black fitting line.




xy at three different points across the wide face of the mold.
Point (70,-135) (125,-100) (125,-150)
Txy/Fxy (mm) 68.74 40.33 40.76
T ′xy/F′xy (mm) 54.03 59.05 50.92
predictions are correct, the maximum of the velocity field that contributes mainly to
the Lorentz force should be near the wall at (125,-150), whereas at (125,-100) should
be located deeper inside the liquid. By comparing the magnitude of the velocity field
uxy at these points along the z-direction (figure 5.19), we clearly see that this is indeed
the case.
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Figure 5.19: uxy as a function of z at different points across the wide face of the mold according to table
5.4.
5.6.2 Calibration factor
In this section, an assessment of the magnitude of the velocity field ux~ex in experi-
ments is going to be performed based on the dry calibration concept from section 5.3.4.
The CUB15 is located at a distance of κ = 7.4mm away from the surface of the disk,
which corresponds to the distance between the surface of the magnet and the liquid
metal in the experiments at the mini LIMMCAST facility (figure 5.11). In this case,
the calibration factor Kdisk = 2.7 is obtained numerically using a disk with 200mm in
diameter (figure 5.6). Due to the comparably bigger distance and volume of the magnet
system in comparison with the one used in section 5.3, a bigger diameter of the disk
has to be considered to avoid edge effects.
Finally, the calibration factor at the mini-LIMMCAST facility according to (5.15)
is Kliq = Kdisk(σdisk/σl)≈2.7(25.4/3.3) = 20.8m/(sN). For validation, 10 UDV
probes with a vertical distance of 10 mm were mounted at the narrow face and their
center was 4 mm away from the wide face of the mold (similar to [61]). In this config-
uration, the velocity close to the wall of the wide face could be recorded. Owing to the
rapid decay of magnetic fields, this might be the place of the highest contribution of
the measured Lorentz force. A comparison between the velocity field ux measured by
UDV in comparison with the velocity field u′x =Kliq ·Fx according to (5.14) is shown in
figure 5.20 having good agreement (RMS(ux)= 27.6mm/s≈ RMS(u′x)= 27.2mm/s).
With the proposed dry calibration procedure, we could obtain a conservative as-
sessment of the magnitude of the velocity field at a depth of 4mm at mini-LIMMCAST
facility. In can be assumed, in general, that this method can be used for a simple and
fast approximation for Kliq regarding cubic or cross-shaped magnet systems. However,
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(a) (b)
Figure 5.20: Comparison between UDV measurements of ux near the wall (a) and the velocity compo-
nent u′x (b) according to (5.14) using the measured force component acting on the magnet Fx [44].
this approximation of Kliq has the intrinsic uncertainty related to the type of velocity
distribution of the liquid next to the wall spanned by the magnetic field. As it has been
discussed in section 5.6.1, different velocity distributions can generate the same val-
ues of the Lorentz force exhibiting different volumes of integration. This topic will be
further disused in section 5.8, where the spatial resolution of the experiments will be
numerically investigated.
5.7 Results using the CSM31.17
After the calibration procedure described in section 5.3.5, the second measurement
campaign at the mini-LIMMCAST facility was performed using the 6D-L2F2 attached
to the CSM31.17. The CSM31.17 was placed in front of the acrylic glass mold leaving
and air gap of about 1mm and scanned the wide face in the same zig-zag movement
as the CUB15 for comparison (figure 5.12(b)). The results of the measured (Fx, Fy, Fz,












z ) force and torque components across
the wide face of the mold are summarized in figures 5.21 and 5.22 as vector and
contour plots. The torques in the present section are now calculated at the center of
the CSM31.17 (z= 7.5mm), in contrast with the results using the CUB15 (section 5.6)
in which the torques were calculated at the center of the multicomponent force/torque
sensor (z = 48.5mm).
According to figures 5.21(a), 5.21(d), 5.21(b) and 5.21(e), the orientation of
the vector plots is slightly different in comparison with the results using the CUB15.
This difference is due to the fact that the volume of the CSM31.17 is 5 times larger
than the CUB15. This means that the portion of the flow volume that interacts with
82
5. Multicomponent local Lorentz force velocimetry
(a) (b) (c)
(d) (e) (f)




y (d). Here, the contour
plot corresponds to the magnitude and the vectors to the direction of the local force. This same approach








Figure 5.22: Distribution of Tz (a) and T
′
z (b). Distribution of the vorticity of the velocity field perpen-
dicular to the wide face of the mold (∇×~u) ·~ez at z≈−13.8mm (c). According to (a), (b) and (c), a
correlation between Tz or T
′
z and (∇×~u) ·~ez can be observed.
the magnetic field is larger, and therefore, the spatial resolution of a local velocity
assessment decreases. Nevertheless, the vector plots regarding Fx,Fy and Tx,Ty,
in comparison with F ′x ,F ′y and T ′x ,T ′y show the expected double-roll structure of the
velocity field. However, we observe a higher deviation when comparing the magnitude
of these components as now the interaction parameter seems to be of order 1. For
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example, in the case of Fxy and F
′
xy, we see that max(Fxy)≈ 48.8mN is about 40%
weaker than max(F′xy)≈ 81.2mN. This effect was also observed regarding Txy and
T ′xy, where max(Txy) = 0.57mNm and max(T ′xy) = 0.84mNm. For the estimation of
N according to (2.6), we used the same u, lc and ρ as the CUB15, but now Bz ≈ 0.2T
for the CSM31.17. In this case, N ≈ 1.32. For Fxy and Txy, the values of γ are in general
lower than the ones obtained using the CUB15 and in the case of ε , the values are
greater. This situation is shown in table 5.5 analogous to table 5.3 for comparison.
Table 5.5: Values of γ and ε according to (5.16) and (5.17), respectively.
Fxy Fz Txy Tz
mN mN mNm µNm
RMS (sim) 31.34 7.41 0.33 8.28
RMS (exp) 21.84 5.38 0.25 12.24
ε 30% 27% 23% 48%
γ 70% 57% 80% 78%




z it has been observed a relative good
agreement in both magnitude and overall distribution despite the finite value of
N. In the case of Tz (figure 5.22(a)) and T
′
z (figure 5.22(b)) the same patterns
were identified specially in the regions at the top and bottom of the measuring
grid, where the vortex structure of the force or torque distribution appears. In the
points of positive force vorticity, Tz is positive and vice versa. In can therefore be
inferred that this torque could give us information regarding (∇×~u) · ~ez, which is
true for a magnet in front of a rotating disk made of aluminum as shown in section
5.3. Now let’s plot (∇×~u) ·~ez at z≈−13.8mm, i.e. 6.4mm away from the wall
(figure 5.22(c)). This similar pattern of vorticity appears up to a distance of about
8 mm inside the liquid metal (z≈−15.4mm) and at z≈−13.8mm it reaches the
maximum value of γ ≈ 47% when comparing with T ′z . When these two quantities
(∇×~u) · ~ez and T ′z are locally compared at each point of the measuring grid, we
can find higher deviations owing to the fact that the value of the torque, as well
as the force, is a volume integration rather than a value on a point. However, a
general tendency and a clear correlation between (∇×~u) ·~ez and Tz can be identified:
in the regions of positive or negative vorticity, we have also positive and negative
values of Tz. We can therefore conclude that, by measuring the torque Tz, we could in-
fer information on the vorticity of the velocity field of the liquid metal in this direction.
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5.7.1 Torque-to-force ratio
Figures 5.23(a) and 5.23(b) show Txy as a function of Fxy and T
′
xy as a function of
F ′xy, respectively. In the case of k and k′, the results are presented in figure 5.23(c) and
5.23(d). According to figures 5.23(a) and 5.23(b) the distributions of Txy vs Fxy as well
as T ′xy vs F ′xy are rather disperse and no clear characteristic slopes could be identified in
both experiments and simulations as the ones obtained using the CUB15. The values
of k and k′ in this case show different patterns, in which k might have been influenced
by finite N effects. Additionally, it appears that the CSM31.17 is too big in comparison




Figure 5.23: Txy as a function of Fxy from experiments (a) and T
′
xy as a function of F
′
xy from simulations
(b). The black lines corresponds to a linear regression through the origin, where Txy = 0.0114Fxy and
T ′xy = 0.0102F′xy. Distribution of k (c) and k′ (d) in the x− y plane. k and k′ represent the vertical
distance between each blue point from (a) and (b) and the corresponding black fitting line.
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5.8 Spatial resolution
The goal of the present section is to determine the fraction of the fluid that con-
tributes mainly to the Lorentz force acting on the magnet. According to equation
(2.13), local Lorentz force velocimetry is intrinsic associated with a volume of inte-
gration depending on the portion of the flow spanned by the magnetic field. One of
the biggest difficulties of this task is that this volume cannot be uniquely defined, as
it also depends on the velocity distribution of the flow despite the rapid decay of the
magnetic field. As it has been shown in figure 5.18 from section 5.6.1, we can have
points across the measuring grid at the mini-LIMMCAST facility that share the same
force but different velocities distributions in the depth-wise direction inside the mold.
Thus, the portion of the fluid volume that contributes to the measured force may vary
within them. This volume uncertainty could be decreased by developing new magnet
systems that generate strongly localized magnetic fields in a rather smaller volume, like
the one developed by Weise in [71]. However, this might led to much higher values
of the interaction parameter N or very weak Lorentz forces due to the reduced volume
of integration. Another alternative is to place the magnet system as close as possible
next to the liquid metal. In this section, this minimum optimal distance between the
magnet system and the liquid metal is going to be analyzed for cubic and cross-shaped
magnet systems. For the analysis, the following magnets systems are taking into con-
sideration: cubic permanent magnets with side edge 5mm, 10mm and 15mm (CUB5,
CUB10 and CUB
∗
15) and the cross-shaped magnet CSM31.17. All magnet systems share
the same magnetization (Mz = 1.138MA/m) in order to focus only on the influence of
their size on the solution. Their center in the x- and y-directions is placed at the same
points of the measuring grid previously defined in section 5.4.1 maintaining an air gap
of 1mm. In this section, the name of the 15 mm cubic magnet has an asterisk in order
to differentiate it from the one used in section 5.6, which has a weaker magnetization.
The developed numerical model from section 5.5 will be used for the analysis
of the penetration depth and the spatial resolution of the measurements at the mini-
LIMMCAST facility. As shown previously in section 5.2, isosurfaces defined by the






z allow us to uniquely define a
portion of the flow volume spanned by the magnetic field. This volume can be ap-
proximated by an spherical cap of height hcap = zmax− zmin, i.e. penetration depth, and
radius of the base of the cap az=zmin , i.e. spatial resolution (figure 5.24). As shown in
figure 5.11(a), zmin = 7.4mm is the distance between the surface of the magnet sys-
tems and the liquid metal at the mini-LIMMCAST facility. The analysis will focus on
finding the portion of the fluid that contributes mainly to the magnitude of the forces
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Figure 5.24: Sketch of the spherical cap in the liquid that generates the force F ′xy|Biso ≈ F ′xy.
Figure 5.25: 2D normalized cross-correlation γ between F ′xy|Biso and F ′xy as a function of hcap for each
magnet system considered in this section.
orthogonal to the magnetization of the magnets, i.e. F ′xy|Biso ≈ F ′xy. The area of interest
of the mold will be below y=−80mm from the measuring grid in order to avoid the
influence of the SEN on the solution.
Now, the 2D normalized cross-correlation γ is calculated between F ′xy and F ′xy|Biso
according to equation (5.16). The information of γ is used to identify a minimum value
of hcap, in which F
′
xy|Biso sufficiently correlates with F ′xy in average by taking into ac-
count all points of the measuring grid below y=−80mm. The value of Biso as well as
hcap of each magnet system are obtained for γ ≈ 99% as shown in figure 5.25. The pa-
rameters of the spherical caps are shown in table 5.6, and a comparison between F ′xy and
F ′xy|Biso is depicted in figures 5.26 and 5.27. The values of az=0mm are obtained using
equations az=0mm/lmag ≈ 0.00062(zmax/lmag)2+0.79zmax/lmag+0.38 for the CUBlmag
and az=0mm/lmag≈ 0.023(zmax/lmag)2+0.61zmax/lmag+0.62 for the CSMlmag (see sec-
tion 5.2). Then, we can obtain R as follows R = (a2z=0mm+ z
2
max)/(2zmax). Once R is
known, the spatial resolution in the liquid is given by az=7.4mm =
√
2hcapR−h2cap.
According to table 5.6, the volume of integration is larger when the characteristic
length of the magnet lmag increases, as expected. Thus, we can have an insight into the
velocity distribution of the liquid metal at different depths inside the mold depending
on the size of the magnet. Let us focus on the center and on the lateral walls of the
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Table 5.6: Penetration depth and spatial resolution of different magnet systems.
Magnet lmag Biso zmin/lmag zmax/lmag hcap az=0mm R az=7.4mm max(F
′
xy)
mm mT mm mm mm mm mN
CUB5 5 1.6 1.48 4.72 16.2 20.6 20.8 20.3 0.1
CUB10 10 8.1 0.74 2.59 18.5 24.3 24.3 23.6 1.4
CUB∗15 15 17.9 0.49 1.86 20.5 27.7 27.7 26.8 8.4
CSM31.17 31.17 47.2 0.24 1.01 24.0 39.2 40.2 36.8 81.4
(a)
(b)
Figure 5.26: Comparison between the Lorentz force contour and verctor plots based on F ′xy and F ′xy|Biso
for the CUB5 (a) and CUB10 (b) magnet systems according to the parameters from table 5.6.
measuring grid below y=−80mm. As we have seen in section 5.6.1, at (125,-150)
the maximum value of uxy in the liquid is located near the wall, whereas at (70,-135)
the maximum is located deeper inside the liquid. As a consequence, the CUB5 is able
to see a portion of the fluid closer to the wall and therefore the maximum value of F ′xy
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(a)
(b)
Figure 5.27: Comparison between the Lorentz force contour and verctor plots based on F ′xy and F ′xy|Biso
for the CUB∗15 (a) and CSM31.17 (b) magnet systems according to the parameters from table 5.6.
is in this case located near the laterals walls (see figure 5.26(a)). When lmag is larger,
the maximum value of F ′xy is no longer located at the lateral walls but in the middle of
the mold (see figure 5.27). The volume of integration is sufficiently big to identify the
velocity field distribution deeper inside the mold.
However, the volume of integration in the fluid given by hcap and az=7.4mm seems
to scale linearly with the characteristic length lmag, in contrast to the scaling of the
maximum value of the force in this area of the mold for the CUB magnet systems
(max(F ′xy) ∼ (lmag)4.6). Thus, is not always advantageous to decrease the size of the
magnet for improving the spatial resolution, as the magnitude of the force decays con-
siderably faster increasing the complexity of its measurement. Another important issue
to consider is that the surface of the magnets are all at a distance of z= 7.4mm away
from the liquid, which is larger than the lmag of the CUB5 and slightly smaller than the
one of the CUB10. Hence, the liquid metal will not be subjected to stronger magnetic
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field gradients for z> lmag, and therefore, the volume of integration is noticeably larger
than expected for the CUB5 or for the CUB10. We can see for example that between
CUB10 and CUB
∗
15 the penetration depth hcap and spatial resolution az=7.4mm decrease
by about 10% and 12%, respectively, whereas F ′xy is about 83% weaker. In conclusion,
the optimal distance between the surface of the magnet and the liquid metal zmin de-
pends on the characteristic length lmag of the permanent magnet. This distance should
be at least lower than lmag. In this sense, we could reduce the uncertainty of the por-
tion of the fluid that contributes mostly to the measured Lorentz force, which can be
approximated by a spherical cap as shown in section 5.2.
5.9 Conclusions
In this chapter, multicomponent local Lorentz force velocimetry was used to infer
the flow characteristics of steady turbulent liquid metal flows. In particular, multi-
component LFV was capable of providing a three-dimensional velocity assessment of
GaInSn in eutectic composition in the region adjacent to the wall of a model of a con-
tinuous caster. The double-roll flow structure, typical of the continuous casting of steel,
was clearly identified by either the force or torque signal, the latter being less sensi-
tive to perturbation in the environment due to the presence of ferromagnetic materials.
Moreover, the force perpendicular to the wall showed the areas where the liquid metal
jet reaches the side walls, strongly diffuses and deviates in an upper and lower vortex
giving an insight into the velocity in this direction.
With the numerical model of the experiments using kinematic LFV, it was possible
to predict the expected behavior and magnitude of all force and torque components
acting on two given magnet systems: a 15mm cubic permanent magnet (CUB15) and
a cross-shaped magnet (CSM31.17). However, some force and torque components pre-
sented higher deviations in comparison with the experimental results, but the general
behavior like the double-roll structure and the magnitude and distribution of the force
and torque components in the x and y -directions were in good agreement. In the case




xy can also be used
to obtain information on the velocity field distribution of uxy in the depth-wise direc-
tion by comparison with other points across the wide face of the mold. The numerical
model confirmed that Tz is too small to be measured under the experimental conditions
at the mini-LIMMCAST facility using a 15mm cubic magnet.
In the case of the numerical results regarding the CSM31.17, where the back reac-
tion of the induced Lorentz forces in the liquid is also neglected, we obtained a higher
deviation in comparison with the experimental results as the interaction parameter N
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is in this case finite (N ≈ 1.32). The torque and force components in the x- and y-
directions were the most affected, in contrast with the torque and force components
perpendicular to the surface of the mold Tz and Fz. These last two components showed
a general good agreement like a similar overall magnitude and patterns across the wide
face of the mold. By comparing T ′z with the vorticity of the velocity field in this di-
rection, a correlation between these two quantities was observed. By measuring Tz, we
can therefore obtain a rough estimate of the curl of the local velocity field in this direc-
tion, in addition to a local assessment of the velocity field based on the other force and
torque components. In this chapter, it has been shown that Tz is indeed measurable in
liquid metals with the multicomponent force/torque sensor attached to a cross-shaped
magnet. The cross-shaped magnet provides a pronounced non-axisymmetric magnetic
field distribution in the liquid metal, which is needed for obtaining measurable values
of Tz. However, there is still abundant room for further optimization of the magnet
system in order to increase further the magnitude of Tz while maintaining lower values
of N.
Last but not least, this chapter also investigated the concept of dry calibration of the
6D-L2F2 using a rotating disk made of aluminum. With this set-up, the location of the
magnet system center with respect to the sensor’s coordinate system can be accurately
determined. This step is mandatory for correct torque measurements. Additionally,
this dry calibration procedure can help to conservatively estimate the value of the cal-
ibration factor that relates the measured Lorentz force and the local velocity of the
liquid metal.
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In this work, it was shown that the force component generated by the induced
electric potential was sensitive to the ratio between the electrical conductivity of the
wall and the liquid. This ratio defines the limits in which perfectly-conducting and
perfectly-insulating walls appeared. In the first case, the force originating from the
electric potential was zero and in the second case it reached its maximum value. The
results obtained when varying the aspect ratio of the flow cross-section have shown
that, this force depends on the proximity of the top and bottom walls to the applied
magnetic field. In general, the force component generated by the induced electrical
potential was always opposite to the one given by the cross product between the veloc-
ity of the liquid and the applied magnetic field. Hence, when this force component was
diminished by either increasing the electrical conductivity of the walls or by changing
the aspect ratio of the flow cross-section, the measurable total Lorentz force increased
significantly, and therefore, the sensitivity of the measurements can be improved. With
Lorentz force velocimetry applied to electrolytes, an effectively infinite wall conduc-
tivity can be reached using common materials like copper.
In the case of local LFV, multicomponent local Lorentz force velocimetry was
numerically and experimentally investigated. This method has proven to be a use-
ful contactless tool to obtain information on the local velocity field related to three-
dimensional turbulent steady flows in the region adjacent to the wall next to the mag-
net. In particular, multicomponent local Lorentz force velocimetry was used to infer
the flow characteristics of GaInSn inside a mold of a continuous caster model. In this
case, the three-dimensional velocity assessment is given by the value of the three force
components across the wide face of the mold. The double-roll flow structure, typical
of the continuous casting of steel, was clearly identified as well as the velocity field
perpendicular to the wall. The torque components orthogonal to the magnetization of
the magnet systems showed the same double-roll structure like the force. Interestingly,
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when comparing the ratio of this two-component torque to the magnitude of the two-
component force, information on the velocity distribution in the depth-wise direction
could be inferred. Additionally, by comparing the torque component with the vorticity
of the velocity field both pointing in the same direction as the magnetization of the
magnet, a correlation between these two quantities was observed. Therefore, we can
obtain a rough estimate of the curl of the local velocity field in this direction, in addi-
tion to a local assessment of the velocity field based on the other measured force and
torque components. It has also been shown that, a non-axisymmetric magnetic field
distribution in the liquid metal is needed for measuring this torque component, which
can be generated by a cross-shaped magnet system.
Despite the fact that the torque component perpendicular to the mold was indeed
measurable in GaInSn using the proposed cross-shaped magnet, the finite value of the
interaction parameter N is a factor to be considered in future applications. Neverthe-
less, there is still abundant opportunity for further optimization of the magnet system
in order to continue increasing the magnitude of this torque component while main-
taining lower values of N. To decrease the gap between local velocity assessment via
force and torque measurements, calibration procedures can be numerically and exper-
imentally developed, which can be based on characteristic velocity distributions, e.g.,
1D, 2D, and 3D laminar and turbulent profiles, and on distance variations between the
magnet system and the liquid metal.
In multicomponent local Lorentz force velocimetry, it is crucial to know the posi-
tion of the center of the magnet system with respect to the sensor’s coordinate system
for accurate torque measurements. For this purpose, a dry calibration procedure was
developed that solves this issue. With the proposed dry calibration procedure of the
multicomponent force and torque sensor using a rotating electrically-conducting disk,
the location of the magnet system center with respect to the sensor’s coordinate system
can be accurately determined. Additionally, this dry calibration procedure can help
to conservatively estimate the value of the calibration factor that relates the measured
Lorentz force and the local velocity of the liquid metal.
The term “local” in local Lorentz force velocimetry is intrinsically associated with
a volume of integration, no matter how small the permanent magnet is. Based on the
numerical models of the experiments, the portion of the flow spanned by the mag-
netic field was estimated in terms of the characteristic length lmag of the magnet sys-
tem, which is defined as the point along the magnetization of the magnet in which
the magnitude of the magnetic field decreases to about 10.4%. Decreasing the size of
the magnet does not necessarily offer a significant advantage in improving the spatial
resolution, as the distance between the magnet and the liquid metal needs to be consid-
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ered as well. In general, the distance between the magnet system and the liquid metal
should be less than lmag, where the magnitude and gradient strength of the magnetic
field are more strongly pronounced than elsewhere. Hence, a more accurate estimate
of the integration volume is possible using the applied magnetic field. Moreover, a
pronounced non-axisymmetric magnetic field distribution from a cross-shaped magnet
was observed for distances below lmag/2.
Important future work regarding Lorentz force velocimetry with conducting walls
could focus on the investigation of erosion, oxide layer formation and wettability at the
boundary liquid-solid using different combinations of wall materials and electrically
conducting liquids. The next step regarding multicomponent Lorentz force velocime-
try could focus on the investigation of non-steady velocity fields using arrays of mul-
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B General description of the
numerical model
For almost all experiments performed in this dissertation, a numerical model was
developed in order to obtain a better understanding of the results. In every experiment,
the average force or torque measurement was obtained for steady turbulent flows or
moving solids. Hence, the simplified numerical model is based on the following as-
sumptions:
• Kinematic regime of Lorentz force velocimetry
• The velocity field and the applied magnetic field are given and steady
When these assumptions are fulfilled, a fast and conservative assessment of the ex-
pected forces and torques acting on the magnet can be obtained. Once ~B0 and ~u are
defined, the induced electric potential is determined by solving (2.11) with insulating
boundary conditions. Then through (2.10), (2.13) and (2.14), the values of ~j, ~F and ~T
are obtained. All partial differential equations in this thesis were solved using the PDE
Module in the commercial FEM software COMSOL Multiphysics.
If possible, the velocity field in each case was obtained analytically, e.g. turbulent
pipe flow (section 3.1.3) or laminar approximation for rectangular flows (section 3.3).
(a) (b)




If not, the results of previous simulations were used as the source of ~u, e.g. a fully-
developed turbulent flow in a rectangular duct (section 3.3) or in a continuous caster
model (section 5.5). In the case of the applied magnetic field ~B0 = Bx~ex+By~ey+Bz~ez
generated by a rectangular permanent magnet with magnetization Mz~ez (figure 6.1),
there is an analytic solution for its components Bx, By and Bz, according to [12]. In this













(y− y1)+ [(x− xm)2+(y− y1)2+(z− zk)2]1/2
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[(x− xn)2+(y− ym)2+(z− zk)2]1/2
(6.6)
Here, xn,ym,zk are given by the magnet dimensions with respect to the reference co-
ordinate system and µ0 denotes the permeability of free space.
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C Uncertainty analysis
According to [55], uncertainties in measurements are classified into two groups:
random uncertainties and systematic uncertainties. Random uncertainties reveal the
experimental errors by repeated measurements, which can be treated afterwards statis-
tically. If a measurement is repeatable, it should be repeated sufficiently often to obtain
a reliable answer and to get a better estimate of the uncertainties. However, if the mea-
surement is subjected to systematic errors, the repeated measurements will tend to the
same direction despite a large number of repetitions. Systematic errors are for example
the calibration of the sensor, starting conditions of the experiments, among others. The
total uncertainty of the measurable value is a function of the random and systematic
uncertainties. In the case of local LFV, the measurable force F is
F = Fbest ±δFtotal (6.7)
where Fbest = F is the best estimate of the Lorentz force, and δFtotal is the total un-
certainty in the measurement. According to [55], δFtotal is the quadratic sum of its




Here, δFran is given by the standard deviation of the mean SD defined as




Here, SD(F) denotes the standard deviation of F and n the number of measurements.









Here, SD expresses the level of variability of the velocity distribution in the region
adjacent to the wall next to the magnet at a fixed position.
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Under systematic errors in local LFV we include the uncertainties of other param-
eters that have influence on the measurable Lorentz force. These are basically the
factors that are not related to the velocity distribution of the flow, e.g. temperature,
position of the magnet with respect to the flow, etc. According to (2.13), the Lorentz
force acting on the magnet is a function of the applied magnetic field ~B0 acting on the
flow and on the electrical conductivity of the liquid σl . According to propagation of












Here, the first term of (6.11) represents the uncertainty of F caused by changes of σl
and the second term empresses the uncertainty of F caused by changes of the applied
magnetic field ~B0. As it has already been discussed previously in section 2.3.1, the
temperature of the environment has an influence on F as σl depends itself on the tem-
perature of the liquid as well as ~B0, which depends on the temperature of the magnet.
In this thesis, the influence of the temperature on the measured forces can be neglected.
For instance, the temperature change of GaInSn during 1 day of continuous measure-
ments at ILMET did not exceed 2◦C→∆σl ≈ 0.3% (thanks to the stainless steel pipes),
and the magnets were always at room temperature. However, owing to the rapid decay
of magnetic fields, the distribution of ~B0 in the liquid is therefore sensitive to the po-
sition of the magnet with respect to the liquid metal. Thus, it would be advantageous
to express the second term of (6.11) as the uncertainty of F caused by variations of
this distance in z−direction, which corresponds to the magnetization direction of the








δFsym = δF∆z. (6.13)
In the case of the of the experiments at ILMET using the 1D-L2F2 (chapter 4),
the uncertainty of the position of the magnet with respect to the flow in z-direction is
∆z ≈ 0.5mm. Then, δF∆z can be estimated using the fitting curves from figure 4.6(b)
as follows δF∆z = F(κ)−F(κ +∆z). Here, κ corresponds to the distance between the
surface of the magnet and the liquid metal. Table 6.1 summarizes all components of
uncertainty at y= 0mm and κ = 5mm for all magnet systems, where the value of δF∆z
and δFran reach their maximum value. According to table 6.1, the repeatability within
one measurement series at a fixed position of the magnet is under 1% (δFran < 1%).
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Table 6.1: Uncertainties components in ILMET
Magnet system F@y=0,z=0 SD(F) δFran = SD(F) δFsym δtotal
CUB10 1.031mN 6.7% 0.38% 13.0% 13.0%
CSM10.66 1.093mN 6.1% 0.34% 12.6% 12.6%
CSMA10.66 1.081mN 5.7% 0.32% 13.2% 13.2%
On the other hand, the reproducibility of the measurements can be as high as 13%
(δFsym ≈ 13%), when changing the magnet system and readjusting the set-up for a
new series of experiments.
In the case of the experiments at the mini-LIMMCAST facility using the 6D-L2F2
(chapter 5), we start the uncertainty analysis of the experiments by obtaining the stan-
dard deviation of each force and torque component acting on each magnetic system
across the wide face of the mold. The results are plotted on figures 6.2 and 6.3 for the
CUB15 and CSM31.17, respectively.
According to figures 6.2 and 6.3, the standard deviation varies in every posi-
(a) (b) (c)
(d) (e) (f)
Figure 6.2: SD of each component of the measured force and torque signals acting on the CUB15.
tion of the mold. It is shown that in complex 3-dimensional turbulent flows, the SD
can be even higher than the maximum magnitude of its corresponding force or torque
component across the measuring grid. Nevertheless, the SD in the experiment at mini-





Figure 6.3: SD of each component of the measured force and torque signals acting on the CSM31.17.
Table 6.2: Maximum value of each force and
torque component with their correspondingmax-
imum value of SD and δFran for the CUB15
max(|F|) max(SD(F)) δFran
Fx 3.13mN 66.2% 0.66%
Fy 6.76mN 57.2% 0.57%
Fz 2.81mN 147.3% 1.47%
Tx 0.355mNm 51.0% 0.51%
Ty 0.167mNm 84.4% 0.84%
Tz 0.113mNm 94.1% 0.94%
Table 6.3: Maximum value of each force and
torque component with their corresponding max-
imum value of SD and δFran for the CSM31.17
max(|F|) max(SD(F)) δFran
Fx 42.26mN 26.4% 0.26%
Fy 44.44mN 15.7% 0.16%
Fz 19.21mN 38.5% 0.39%
Tx 0.921mNm 14.0% 0.14%
Ty 0.844mNm 27.6% 0.28%
Tz 0.036mNm 156.8% 1.57%
a time-average of 5 seconds at 2000 Hz (n = 104 measured values). The maximum
values of all three forces and three torques with their corresponding maximum value
of SD across the measuring grid are summarized in table 6.2 and 6.3 for the CUB15
and CSM31.17, respectively.
Due to the limited time for each measurement campaign at the mini-LIMMCAST
facility, it was not possible to perform multiple measurements at different distances
between the surface of the magnet and the mold in order to obtain an estimate of δF∆z,
i.e δFsym. Additionally, the complexity of finding a common characteristic decay of F
increases in this case. This is due to the fact the force acting on the magnet is generated
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from different velocity distributions in the liquid, and therefore, they will eventually
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